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ENGLISH SUMMARY 
The growing energy crisis has stunted the world economic growth, accompanied by 
a strong requirement for various renewable energy sources and sustainable 
development. As a response to new stringent energy policies in the building sector, 
office buildings have become well-insulated and highly-airtight, resulting in an 
increasing cooling need in both summer and winter. In order to effectively save 
energy, new interests in cooling concepts based on passive cooling technologies and 
renewable energy sources have risen.  
Based on the characteristics of technologies – natural ventilation, building thermal 
mass activation and diffuse ceiling ventilation, this study proposes a novel system 
combining their advantages for cooling and ventilation in future Danish office 
buildings. The new solution would have the special potential of using natural 
ventilation all year round even in the extremely cold seasons without any draught 
risk. Therefore, this system would have very low energy use all year with good 
thermal comfort.  
The main focuses of this study are the energy saving potential and the steady-state 
and dynamic energy performance of this system. The study on the energy 
performance allows some suggestions for the control strategy of this system under 
different climates in the future application. The presented work utilizes building 
simulation method to investigate the energy saving potential of this novel system, 
compared with other air-based systems and thermally activated building systems 
(TABS) alone. Afterwards, an experimental set-up is built in the laboratory to 
simulate a real office environment. Both steady-state and dynamic measurements 
are carried out in the experimental chamber to investigate the energy performance 
of the system and the thermal comfort in the test room. 
In the initial stage, this study configures this novel system based on the 
characteristics of each technology used. To find the benefits of this system, building 
energy simulations are carried out at the beginning. The study then compares the 
simulating tools for modeling TABS and determines BSim to perform the energy 
simulation work. The energy saving potential of this system is initially derived by 
comparing it with other traditional HVAC systems. The comparisons show very 
promising results in terms of saving energy all year round without any compromise 
of thermal comfort when using this novel system. For a typical office room with the 
internal heat load of 30-40 W/m
2
, the yearly primary energy saving potential of this 
novel system can reach up to 50%.  
A full-scale experimental set-up is built in the lab, simulating a real office 
environment. Twenty cases under steady-state conditions are tested in order to 
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study the energy performance of the combined system and the different 
combinations of TABS and natural ventilation. The tested influencing factors 
include outside condition, heat load level, air flow rate, diffuse ceiling panel, TABS 
water flow rate, and TABS water temperature. The steady-state cases provide the 
results about the heating/cooling capacity of the combined system and the thermal 
performance of TABS with and without the influence of diffuse ceiling. It is found 
that the diffuse ceiling panel reduces the heat exchange, particularly the radiant heat 
transfer, between the room space and TABS.  
The dynamic studies are performed in the same experimental set-up under three 
kinds of typical climates including typical winter, typical transitional season, and 
typical summer. The control strategies corresponding to the respective weather 
condition are tested. Both thermal performance and thermal comfort of the system 
are evaluated in the dynamic measurements. The measured results reflect the effect 
of the control strategy on the energy performance and the thermal comfort. Natural 
cooling combining the effect of room thermal mass is efficiently used with the 
designed control strategies. No thermal comfort problem is found in the 
measurements. The dynamic measurements can provide suggestions on the 
optimum control strategy for the system used in the practical projects. 
Overall, this integrated system has high energy saving potential without any 
compromise of thermal comfort even in extreme winter period. Since natural 
ventilation is of great importance in the system, this system is recommended for use 
in a temperate climate with high natural ventilation potential. 
 
V 
DANSK RESUME 
Medfulgt af et stærkt behov for forskellige vedvarende energikilder og bæredygtig 
udvikling har den voksende energikrise bremset den verdensøkonomiske vækst. 
Som en reaktion på nye stringente energipolitikker i byggesektoren er 
kontorbygninger blevet velisolerede og meget lufttætte, hvilket resulterer i et 
stigende afkølingsbehov både om sommeren og vinteren. For effektivt at spare 
energi er der opstået nye interesser inden for afkølingskoncepter, der er baserede på 
passive afkølingsteknologier og vedvarende energikilder.  
Baseret på teknologiernes karakteristika – naturlig ventilation, aktivering af 
bygningens termiske masse og diffus ventilation – foreslår denne afhandling et helt 
nyt system der kombinerer deres fordele ved afkøling og ventilation i fremtidige 
danske kontorbygninger. Den nye løsning vil have den specielle evne til at bruge 
naturlig ventilation hele året, selv i ekstremt kolde sæsoner uden risiko for træk. 
Derfor vil dette system have et meget lavt energiforbrug hele året med god termisk 
komfort.  
Hovedfokus i denne afhandling er det energibesparende potentiale ved dette nye 
system og ligevægtstilstanden og den dynamiske energipræstation i dette system. 
Undersøgelsen af energipræstationen muliggør nogle forslag til kontrolstrategien i 
dette system ved forskellige klimaer i den fremtidige anvendelse. Det præsenterede 
arbejde anvender bygnings simulationsmetoden til at undersøge 
energibesparelsespotentialet i dette nye system sammenlignet med andre luft-
baserede systemer og enkelt TABS (termisk aktiverede bygningssystemer). 
Efterfølgende bygges der en eksperimentelt opsætning i laboratoriet til at simulere 
et virkeligt kontormiljø. Både ligevægtstilstanden og dynamiske målinger bliver 
udført i dette eksperimentelle kammer for at undersøge energipræstationen af og 
den termiske komfort i dette system.  
I startfasen vil undersøgelsen konfigurere dette nye system baseret på 
karakteristikaene for hver anvendt teknologi. For at finde fordelene ved dette 
system udføres der bygningsenergisimulationer i begyndelsen. Derefter vil 
simulationsværktøjerne sammenlignes for modellerings TABS og BSim fastslås for 
at udføre energisimulationsarbejdet. Energibesparelsespotentialet i dette system 
udledes først ved at sammenligne det med andre traditionelle HVAC-systemer. 
Sammenligningerne viser meget lovende resultater i forhold til at spare energi hele 
året uden noget kompromis af termisk komfort, når der bruges dette nye system. 
For en typisk kontorrum med intern varmebelastning på 30-40 W/m
2
 kan det 
primære energibesparende potentiale af dette nye system nå op til 50 %.  
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Der bygges en eksperimentel opsætning i fuld skala i laboratoriet der simulerer et 
virkeligt kontormiljø. 20 sager i ligevægtstilstand testes for at undersøge 
energipræstationen af det kombinerede system og de forskellige kombinationer af 
TABS og naturlig ventilation. De testede influerende faktorer inkluderer 
udendørsforhold, varmebelastningsniveauer, luftgennemstrømningsraten, diffust 
loftpanel, TABS vandstrømningsrate og vandtemperaturen. Sagerne med 
ligevægtstilstand giver resultaterne om opvarmings- og afkølingskapaciteten af det 
kombinerede system og den termiske præstation af TABS med eller uden 
indvirkning af diffust loft. Det diffuse loftspanel påvises at reducere 
varmeudvekslingen, i særdeleshed strålevarmeudvekslingen, mellem rummets og 
TABS.  
De dynamiske undersøgelser udføres i den samme eksperimentelle opsætning under 
tre slags typiske klimaer, inklusiv typisk vinter, typisk overgangssæson og typisk 
sommer. De kontrolstrategier der hører med til det respektive vejrforhold bliver 
testet. Både termisk præstation af og termisk komfort i systemet evalueres i de 
dynamiske målinger. De målte resultater reflekterer effekten af kontrolstrategien på 
energipræstationen og den termiske komfort. Naturlig afkøling der kombinerer 
effekten fra rummets termiske masse bliver brugt effektivt med den designede 
kontrolstrategi. Der findes ingen termisk komfort problem i målingerne. De 
dynamiske målinger kan give forslag til den optimale kontrolstrategi til det system, 
der bruges i de praktiske projekter.  
Samlet set har dette integrerede system et højt energibesparende potentiale uden 
kompromis af termisk komfort selv i ekstreme vinterperiode. Eftersom naturlig 
ventilation er meget vigtig i systemet anbefales dette system til brug i et tempereret 
klima med høj naturlig ventilations potentiale.  
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NOMENCLATURE 
ACH room air change rate (h
-1
) 
Cp specific heat capacity of constructions [J/(kg K)] 
        heat capacitance of room air (J/K) 
        heat capacitance of plenum air (J/K) 
d thickness of construction (m) 
dp diameter of water pipe (m) 
  specific enthalpy of air (J/kg) 
P pipe spacing (m) 
 ̅̇ unbalance rate to heat sources (%) 
 ̇   heat exchange between test room and cold box (Wh/day) 
 ̇       energy use of electric carpet (Wh/day) 
 ̇  convective heat transfer between interior surfaces of 
constructions and air (W) 
 ̇     heat flow to/from ventilation system or infiltration (W) 
 ̇   convective parts of heat sources to room air (W) 
 ̇     heat flow from the ceiling with TABS (W) 
 ̇       convective part of heat flow from the ceiling with TABS (W) 
       heat or cool energy stored in the concrete slab (J) 
 ̇     heat flow from water pipes to the concrete slab induced by 
TABS (W) 
R thermal resistance ((m
2
·K)/W) 
S thickness of construction layer or width of air cavity (m) 
  temperature (℃) 
Subscripts 
a room air 
p plenum air 
Greek symbols 
λ thermal conductivity (W/(m·K)) 
δ thickness of water pipe (m) 
ρ density (kg/m3) 
  time (s) 
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CHAPTER 1. INTRODUCTION 
1.1. BACKGROUND 
Heating, Ventilating and Air Conditioning (HVAC) systems consume the major 
part of the building energy use to maintain a comfortable indoor thermal 
environment. With the increasing energy use, energy efficiency and energy saving 
strategies have become priorities for energy policies in most countries in an attempt 
to reduce the energy depletion and CO2 emissions in the building sector. In 2010, 
the EU recast the Energy Performance of Buildings Directive (EPBD) [1] to 
promote the energy performance of buildings in order to further reduce energy 
dependency and green-house gas emissions. The objectives of EPBD are to reduce 
overall greenhouse gas emissions by at least 20% below 1990 levels by 2020 and to 
ensure that 20% of the total energy requirements are from renewable sources. 
According to the latest EU Energy Policy to 2050 [2], the emission reductions can 
reach up to 80–95% by 2050. In Denmark, the initiatives in Energy Strategy 2050 
[3] aim at becoming an independent society and a green sustainable society with 
stable energy supply from 2050 onwards. The strategy emphasizes that the 
minimum requirements for energy performance of buildings should be set at cost-
optimal levels. For new buildings, “low energy class 2015” has been defined as the 
minimum requirements for all new buildings in 2015. Also, a new “low energy 
class 2020” has being put forward as the minimum requirements for all new 
buildings in 2020, as a Danish definition of “nearly zero energy buildings” [3]. 
In order to comply with the minimum requirements for the energy performance of 
new buildings, constructions with low U-value are used and air permeation through 
the envelope is limited [4], resulting in well-insulated and air-tight buildings. This 
approach is essentially beneficial in decreasing the heating need, but it also leads to 
an increasing demand for cooling in buildings in both summer and winter. Also, the 
wide spread application of largely glazed facade and the trend of higher heat loads 
in office buildings contribute to a continuous cooling need during the occupied time 
of the whole year as well. Since the cooling demand increases and traditional air 
conditioning systems have a relatively high energy use, passive cooling and 
renewable energy sources are considered as the first choice at the design stage. 
As a commonly used passive cooling technology, natural ventilation has been an 
energy-efficient way of improving the indoor thermal environment in summer and 
transitional seasons. However, auxiliary mechanical ventilation with heat recovery 
system is indispensable in winter in order to use cold outside air without any 
draught risk, which conversely increases the energy use and the initial investment. 
Recently, diffuse ceiling ventilation has shown very promising results in improving 
the thermal comfort with low temperature air supply and without any draught risk 
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[5, 6]. Therefore, if natural ventilation in winter is available with the employment of 
diffuse ceiling inlet, the air flow rate is reduced and electricity use for air transport 
is eliminated. Moreover, when natural ventilation is insufficient to cool the building 
or heating is needed, thermally activated building systems (TABS) can be used as 
the auxiliary system for the supplementary heating and cooling. As the typical high 
temperature cooling and low temperature heating systems, TABS have a high 
potential of improving the indoor thermal comfort and optimizing the energy use [7, 
8]. Thus, if these three technologies (natural ventilation, diffuse ceiling inlet, and 
TABS) are combined in an independent system, there is a potential of fulfilling the 
needs for cooling/heating and ventilation in office buildings with high thermal 
comfort all year round at very low energy use.  
The objective of this thesis is to study the performance of such a novel system 
combining natural ventilation with diffuse ceiling inlet and TABS in order to 
minimize the energy consumption and to optimize the thermal comfort in the future 
Danish office buildings with cooling demand all year round. With a combination of 
these three technologies, natural ventilation can be used to cool and ventilate office 
buildings even in extreme winter without any draught risk, which extends the 
utilization of natural ventilation cooling.  
All in all, in order to reduce the energy consumption but without any compromise 
of the thermal comfort, it is expected that this new combined system could become 
a novel HVAC system in future office buildings within a temperate climate. 
1.2. STATE-OF-THE-ART 
The fundamental concept in the proposed system is that each technology used in 
this system has its respective advantages, and no one has combined these 
characteristics into an independent system. In order to get more knowledge about 
the characteristics of natural ventilation, diffuse ceiling inlet and TABS, this 
chapter gives a short literature review. The detailed literature review can be found 
in Paper 3 [9]. 
1.2.1. EFFECTIVENESS OF NATURAL VENTILATION 
In some moderate climate regions mechanical cooling may be avoided or decreased 
in well-designed buildings through the use of shading devices to reduce solar heat 
gains and natural ventilation to remove heat gains. The effect of natural ventilation 
can be realized either by direct cooling or by indirect night cooling [10-14]. Direct 
cooling is to use the cool outside air to ventilate the indoor space and reduce the 
room air temperature by convective cooling directly. In contrast,  indirect cooling is 
to cool the building structure by convection and store cool energy in the building 
thermal mass at night. Consequently, the cooling need is depleted in the following 
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day. Both direct cooling and indirect night cooling are commonly used in 
transitional seasons and summer. Nevertheless, there are very few studies on natural 
ventilation used in winter since the draught risk is inevitable.  
Literature reviews of natural ventilation with respect to fundamental principles, 
analysis and design methods, ventilation models, simulation tools and influence 
factors have been given in many references [15-20]. This section introduces more 
information about night ventilation, as the technique combining night ventilation 
with building thermal mass is prevalent in many low-energy buildings. Moreover, 
night ventilation is particularly suitable for office buildings since they are usually 
not occupied during the night time. 
Artmann et al. [21] found that there was a very high potential for night passive 
cooling in the whole of Northern Europe and still a significant climatic cooling 
potential in Central, Eastern and even some regions of Southern Europe. Night 
ventilation can be carried out in a natural, mechanical or hybrid way, depending on 
the type of driving forces. If night ventilation is well designed, peak air temperature 
can be largely reduced in the following day. The reduction of the maximum of the 
indoor temperature due to night ventilation is a function of thermal mass, night 
ventilation rate, and daily temperature difference [22]. In general, night ventilation 
is beneficial in ensuring the indoor thermal comfort as well as reducing the energy 
use for a whole year.  
Denmark is located in Northern Europe, which has a cold climate. The air 
temperature is relatively low even in summer and an annual mean wind speed is 
around 4.4 m/s, which make natural ventilation very feasible in the proposed system. 
1.2.2. ACTIVATION OF BUILDING THERMAL MASS 
Thermal mass is usually contained in the building envelope, the furniture, internal 
walls, the slab, etc. In the design of office buildings, thermal mass has been used as 
an effective method of controlling the indoor air temperature passively or actively, 
such as passive cooling combining thermal mass with natural ventilation and TABS 
used in office buildings. 
Thermal mass in building constructions has the characteristic of “inertia” against 
the temperature fluctuation and has a positive effect on the indoor thermal 
environment. In summer, excessive heat from solar radiation and internal heat gains 
are stored in the building thermal mass so that the cooling load is particularly 
reduced at the peak time. This heat is gradually released to the room space at the 
following time, significantly during the night when the temperature difference is 
relatively large. In winter, the same heat storage processes can satisfy part of the 
heating demand at night and avoid overheating during the high solar radiation 
periods of the day. In addition, cool energy is stored during the night time and 
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depleted in the following day when night ventilation is employed with the help of 
building thermal mass. In this way, building thermal mass plays an important role 
in improving thermal comfort and reducing energy requirement in buildings. In 
office buildings, the cooling and heating loads vary considerably between occupied 
and unoccupied time and between sunny and overcast days. Therefore, the dynamic 
characteristics of buildings become much more important, and the use of heat 
storage in the building thermal mass could potentially decrease the needs for both 
cooling and heating. 
 
Figure 1-1 Hollow core concrete deck with integrated water pipes [23] 
TABS have shown a booming trend in Europe since the 1990s when it first 
appeared in Switzerland [24]. This system is a typical water-based cooling and 
heating system, and water circulates in the pipes embedded inside the concrete slab 
as depicted in Figure 1-1. This system is an energy-efficient way to actively 
integrate the building thermal mass with the heating/cooling system to reduce peak 
loads, to transfer heating/cooling loads to off-peak time, and to decrease the plant 
system size. Heat is exchanged by radiation and convection. Normally radiant heat 
exchange accounts for more than 50%, which is beneficial in improving the 
occupant thermal comfort. The water temperature in this system is close to the room 
temperature, typically 25-40℃ for heating and 16-20℃ for cooling. This increases 
the efficiency of energy generation and facilitates the application of renewable 
energy sources such as solar collectors, ground source heat pumps and ground 
water, etc. 
TABS are prevailing in multistory office buildings. Many surveys have shown the 
successful application of TABS for cooling in office buildings by using cold outside 
air or ground heat sources [24-27]. However, in all cases no acoustic ceiling is 
installed as it impedes the direct radiant heat transfer between the room side and the 
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slab. Actually, noise really has a large impact on the comfort in office buildings. 
Therefore, in order to ensure the sufficient heating/cooling capacity and acceptable 
noise levels, an acoustic ceiling in other forms is still required without impairing the 
heat transfer. One probable solution is to install a ventilation system between the 
slab and the acoustic ceiling, which allows a strong air flow in this space. In this 
way the convective heat transfer increases and compensates for the loss of radiant 
heat transfer when the acoustic ceiling is installed. Eventually, the air movement 
reduces the effect of acoustic ceiling on the heating/cooling capacity of TABS. 
1.2.3. DEVELOPMENT OF DIFFUSE CEILING INLET 
Generally speaking, mixing ventilation and displacement ventilation are the most 
common air distribution systems in the modern ventilation design. For both of them, 
the air is supplied from the designed diffusers at separate places in the room. The 
draught risk is inevitable near the diffusers as the velocity in the inlet zone is 
relatively high, so special attention in the ventilation design should be paid to the 
inlet zone and the occupied zone [28]. 
An alternative air distribution system is known as diffuse ceiling ventilation, which 
uses the whole ceiling as the air supply inlet, cf. Figure 1-2. This system has the 
potential of supplying extremely low temperature air into the room space without 
any draught risk in the occupied zone. This system takes the space between the 
suspended ceiling and the concrete slab as a pressure plenum, and air is supplied to 
the room through perforations or slots in the suspended ceiling. Due to the low 
velocity of air jet in each small hole and the induction of room air in these jets, the 
supplied air with low-impulse does not cause any draught by itself. On the contrary, 
it is the heat source itself that causes the draught in the occupied zone [29]. 
Compared with traditional air supply systems, the diffuse ceiling supply has the 
advantages of low pressure drop (typically less than 5 Pa for air flow from 1 to 10 
l/(s m
2
)), high ventilation effectiveness, high cooling capacity, and low inlet 
temperature with a draught-free occupied zone [30-32]. 
 
(a) Room with diffuse ceiling     (b) Location of ceiling panel     (c) Supply opening to plenum 
Figure 1-2 Diffuse ceiling ventilation system [29] 
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A common application of diffuse ceiling supply is in classrooms. Classrooms have 
a high occupant density and a high ventilation demand of good indoor air quality. 
Practical application of diffuse ceiling supply in office buildings is very limited. 
According to the advantages of diffuse ceiling supply as described above, it could 
be very suitable for office buildings with high requirements for the indoor air 
quality and the thermal comfort. In addition, it would be beneficial to combine the 
diffuse ceiling supply with natural ventilation to ventilate and cool office buildings 
with high heat loads all year round. 
1.3. OBJECTIVES OF THE THESIS 
This thesis proposes a novel HVAC system combining three different technologies, 
as a new system, the characteristics have not been revealed. In order to develop the 
system and apply it in the practical projects, it is necessary to study the energy 
performance the system and the thermal comfort in the room. Moreover, the proper 
and holistic control strategy of this system will be beneficial in reducing the energy 
consumption and improving the thermal comfort.  
The objectives of the thesis are to: 
 Develop a simplified method to evaluate the thermal performance of TABS. 
 Evaluate the energy saving potential and the thermal comfort improvement of 
the novel system used in the typical office buildings. 
 Find the effect of diffuse ceiling panel on the energy performance of TABS 
and the entire system. 
 Investigate the heat transfer processes in the plenum when the diffuse ceiling 
is present. 
 Test the control strategies used in different climatic conditions and analyze the 
energy performance and the thermal comfort in the dynamic measurements. 
As a novel HVAC system, the most important point is whether this system has the 
advantages of energy saving and high thermal comfort. The initial evaluation of 
energy saving potential compared with the other typical systems is necessary, which 
is the prerequisite to do the following work. Once the energy saving potential of 
this system is attractive, more details related to the thermal performance of the 
system can be further studied in both steady-state and dynamic measurements. 
Additionally, the study of control strategies developed and tested in the dynamic 
measurements will bring some constructive suggestions to the optimum operation 
of this system in the practical applications. 
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1.4. CONTENTS AND METHODOLOGIES OF THE THESIS 
The evaluation of the cooling/heating capacity and the minimum surface 
temperature is crucial in the application of TABS. A fast and simplified method is 
attractive in the design stage. Therefore, this thesis firstly performs a study on the 
thermal processes of TABS. A simplified method of predicting the thermal 
performance of TABS under steady-state conditions is proposed based on the 
method of equivalent thermal resistance. Paper 1 and Paper 2 [33, 34] give a 
detailed description of the modeling of TABS. 
The energy consumption of this system used in a typical office room is calculated 
and compared with the other typical air-based systems and ordinary TABS. The 
same thermal comfort standard is taken in the comparisons, and the building 
simulation tool-BSim is adopted to perform this energy simulation task. Paper 3 [9] 
gives details about the modeling of different systems and presents the results. 
An experimental set-up is built in the lab in order to investigate the cooling 
performance and the thermal comfort provided by this system under steady-state 
conditions. Different combinations of TABS and natural ventilation are designed to 
remove the heat gains, resulting in the different cooling/heating capacities of TABS 
and the entire system. In this way, the effect of diffuse ceiling on the heat transfer, 
particularly on the energy performance of TABS, can be derived. Paper 4 [35] has a 
more detailed description of the steady-state experiments.  
Since the building and the system always operate dynamically, the transient 
experimental study is crucial. Three kinds of typical climates are considered with 
the varying outside air temperature and solar heat gain. The corresponding control 
strategies for each climate are developed and tested in the dynamic measurements. 
The primary focuses are the dynamic energy performance of the system and the 
thermal comfort in the test room. Paper 5 [36] gives details related to the dynamic 
measurements. 
The papers  present detailed results of the above studies. This thesis only presents a 
summary of the papers and part of the most indicative results. 
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CHAPTER 2. INITIAL ANALYSIS AND 
MODELING OF THERMALLY 
ACTIVATED BUILDING SYSTEMS 
(TABS) 
Thermal performance of TABS is significantly influenced by the construction of 
slab, the distribution of pipes, heat sources, control strategies, and other parameters. 
In order to get more knowledge about the heat and mass transfer mechanisms of 
TABS, this chapter presents an initial study on the evaluation of TABS. 
For the application of TABS in buildings, researchers and designers usually pay 
particular attention to thermal parameters like the cooling/heating capacity of the 
system and the surface temperature. The acceptable slab surface temperature is 
determined by the comfort conditions and the risk of condensation in the space; 
therefore, the independent TABS always have a limited cooling power. Based on a 
simulation study for a typical office building, Lehmann et al. [37] analyzed the 
application range of TABS. It was found that depending on the maximum 
permissible daily room temperature amplitude, it was possible to manage typical 
heat gain profiles with peak loads up to around 50 W/m
2
 floor area. This means the 
cooling capacity of TABS is not high enough, thus it is commonly used in a 
moderate climate. Moreover, TABS can only remove the sensible heat load rather 
than the latent heat load. Therefore, supplementary mechanical cooling for indoor 
air is always needed, especially in some warmer regions. 
2.1. TYPICAL THERMALLY ACTIVATED BUILDING 
CONSTRUCTIONS 
 
Figure 2-1 Typical TABS in practical applications 
TABS are one kind of system embedding the water pipes into the building structure 
and actively incorporating the building structure into the energy management of the 
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building. TABS can be subdivided according to the position of the water pipes in 
the building construction, such as the four types depicted in Figure 2-1. The 
different positions of water pipes determine the function and the thermal 
performance of TABS. The common applications of TABS include ceiling 
heating/cooling, floor heating/cooling, and wall heating/cooling. The water pipes 
can be capillary tubes or ordinary tubes.  
In Figure 2-1, type A and type B are normally used for floor heating/cooling while 
type C and type D are used for ceiling heating/cooling. Type D is one kind of 
TABS with hollow core concrete slab structure, which is mainly studied in this 
thesis. The hollow core reduces the material used in the slab, and it also decreases 
the heat transferred from the water side to the upper zone. 
2.2. EVALUATION METHODS OF THERMAL PERFORMANCE 
OF TABS 
When using TABS, the condensation problem is a major impediment to increase the 
cooling capacity and normally the supply water temperature should be above 16 ℃. 
Meanwhile, the higher supply water temperature increases the heating capacity, but 
it may result in the local thermal comfort problem. Therefore, the predictions of 
surface heat flow and surface temperature are crucial for the evaluation of 
cooling/heating capacity and condensation risk as well as thermal comfort. There 
are different methods for evaluating the thermal performance of TABS, such as 
analytical method, numerical simulation, experimental method, and building energy 
simulation.  
Koschenz et al. [38] developed the early analytical solution of the heat transfer of 
TABS, and both surface heat flow and surface temperature distribution can be 
derived. In the following years, 1D, 2D, steady-state, and transient analytical 
solutions were developed [39-42]. Obviously, analytical solutions are insufficient to 
evaluate the transient operation of TABS coupling with building systems and are 
normally combined with building energy simulation tools. Numerical simulations 
using finite volume method (FVM), finite difference method (FDM) and finite 
element method (FEM) are reliable to evaluate surface temperature and heat flow as 
long as the bound conditions are given [43-45]. Nevertheless, due to the complex 
interaction between TABS and building systems, numerical methods are time-
consuming and it is difficult to use them to predict the dynamic thermal 
performance of TABS in the practical application for the long-term evaluation. The 
experimental method is more practical, but it is only suitable for the certain case 
and cannot be widely used to evaluate TABS. Compared to the other methods 
mentioned above, building energy simulation is more suitable for the long-term 
evaluation of radiant systems. But an accurate modeling of TABS is dispensable in 
the simulation tool in order to get an accurate prediction. 
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2.3. VALIDATION AND MODIFICATION OF LOW TEMPERATURE 
RADIANT MODULE IN ENERGYPLUS 
To study the thermal performance of TABS during a long period, a reliable 
evaluation tool is very important. The initial study compared some tools for the 
modeling of TABS, and it was found that the commonly-used building energy 
simulation tool-EnergyPlus overestimated the cooling/heating capacity of TABS. 
This section will present the deficiency and modification of low temperature radiant 
module modeling TABS in EnergyPlus (EP).  
In EP the temperature at the interior surface of water pipe is assumed to be equal to 
the temperature at the source location, which means the temperature at the interior 
surface of water pipe is directly given to the temperature at the pipe level [46]. For 
the typical TABS, the thermal resistances from the supply water to the pipe level 
involve the flow resistance of water along the circuit, the convective thermal 
resistance between the water and the pipe interior surface, the thermal resistance of 
pipe (Rp) and the thermal resistance between the pipe exterior surface and the pipe 
level (Rx). This assumption in EP means the low temperature radiant system 
module neglects both Rp and Rx. These two thermal resistances take a large 
proportion of the total thermal resistance from the water side to the room air side 
[47], and have significant influences on the thermal evaluation of radiant systems. 
Consequently, the assumptions in EP will result in an inaccurate prediction for the 
thermal performance of TABS in the practical application. 
                             
(a) Star-type network of thermal resistance            (b) Modified resistance network 
Figure 2-2 Resistance network of TABS 
In this section, the inaccuracy of this module in EP is evaluated and the module is 
modified. Figure 2-2 (a) shows a network of thermal resistance in a star 
arrangement, which represents the correct heat transfer process from the water to 
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the room. In order to improve the modeling of low temperature radiant system in 
EP, one solution is to add the neglected thermal resistances in the modified module. 
The modification is depicted in Figure 2-2 (b). The temperature of pipe interior 
surface is equal to the pipe level temperature, and thermal resistances Rx and Rp are 
located at both sides of the pipe level represented by two fictitious no mass layers. 
Further, it should be noticed that these two fictitious layers must be used carefully 
and put close to the pipe level, otherwise the thermal mass of concrete deck may be 
changed. To add these two resistances in the software, the element called Material: 
Nomass in the modeling is used. Actually, the layer with this kind of material is a 
fictitious layer without thickness and thermal mass, and only the definition of 
thermal resistance is needed. Since both Rx and Rp depend only on the geometry 
parameters and thermal conductivities of material, this method would be suitable 
for both steady-state and transient heat transfer processes. 
   
     
 
    
 
     
  (1) 
   
   
       
  (2) 
In this thesis, both analytical solution and numerical simulation are conducted to 
validate and modify the original low temperature radiant system module in EP. The 
homogenous concrete deck structure with TABS is selected to the work of 
validation and modification under steady-state and transient-state conditions. Table 
2-1 lists the steady-state results. Numerical simulation and modified EP simulation 
show very good agreement with that of the analytical solution. The average surface 
temperatures from numerical simulation and modified EP simulation only have an 
error within 0.02 ℃ while that from original EP simulation has an error of 1.18 ℃. 
The average heat flows from numerical simulation and modified EP simulation 
have an error within 0.6%, but that from original EP simulation has an error of 
48.3%. The large deviation means that the original radiant system module in EP 
overestimates the cooling capacity of TABS, while the modified module 
significantly improves the accuracy. 
Table 2-1 Average heat flow and average temperature of the slab surface 
 Analytical 
solution 
Numerical 
simulation 
Original EP 
simulation 
Modified EP 
simulation 
Benchmark Value Error Value Error Value Error 
Surface 
temperature 
(℃) 
20.62 20.60 0.02 19.44 1.18 20.61 0.01 
Heat flow 
(W/m2) 
26.21 26.32 0.5% 38.87 48.3% 26.05 0.6% 
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(a) Results of surface temperature                      (b) Results of surface heat flow 
Figure 2-3 Dynamic comparisons  of numerical simulation and EP simulation 
In the transient-state comparisons, the results in Figure 2-3 show that the original 
radiant module in EP significantly overestimates the cooling capacity of the system, 
resulting in the lower surface temperature and higher surface heat flow during the 
whole day. The results of modified EP simulation show very good agreement with 
the numerical simulation results, with the two curves overlapped. Therefore, the 
modified module is sufficiently accurate when evaluating the transient heat transfer 
process of TABS in buildings. 
This modification of hydronic radiant module in EnergyPlus would be beneficial in 
improving the accuracy of evaluation for the thermal performance of TABS in 
buildings. For further information, please refer to Paper 1 [33]: “Validation and 
modification of modeling thermally activated building systems (TABS) using 
EnergyPlus”. This paper also presents an application of the modified module to a 
hollow core deck with TABS. 
2.4. SIMPLIFIED METHOD FOR EVALUATING HOLLOW CORE 
CONCRETE SLAB USED FOR TABS 
Building energy simulation tools are very useful to perform the transient evaluation 
of TABS coupling with building systems, but the modeling needs all parameters 
about the building and TABS. In the design stage, a reliable and simplified method 
is very important to carry out a fast evaluation of thermal performance and a 
comparison of different design schemes. Therefore, this section will describe such a 
simplified method for TABS used in a hollow core concrete slab under steady-state 
conditions. 
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In the practical application, a hollow core concrete slab presented in Figure 2-4 is 
sometimes used with TABS. For this kind of system, the heat transfer process is 
more complicated compared to the commonly-used homogeneous concrete slab. 
This study will focus on the simplification of the hollow core into a homogeneous 
layer using the method of equivalent thermal resistance. Based on the analytical 
solution for the homogeneous element given by Koschenz et al. [38], this simplified 
method is capable of involving the effect of hollow core and the effect of pipe and 
of predicting the uneven temperature and heat flow distributions of the slab surfaces. 
 
Figure 2-4 Geometry of hollow core concrete slab with embedded water pipes (unit: mm) 
The physical model in Figure 2-4 is taken as an example to carry out this simplified 
method. Three steps are used in the simplification. The first step is the equivalent 
simplification of hollow core concrete slab in BSim. The principle is given in 
Figure 2-5 and Equations (3)-(5), accordingly the deck with the hollow core is 
simplified into a three-layer construction. The second step is based on the 
equivalent thermal resistance method developed by Li et al. [48]. The multi-layer 
structure shown in Figure 2-5 can be transformed into a homogeneous single layer 
as shown in Figure 2-6 with the same thermal properties of the original layers. The 
dimensions are corrected by Equations (6) and (7). For the homogenous slab 
structure in Figure 2-6, the analytical solution was given by Koschenz et al. [38]. 
Therefore, analytical results for this simplification can be derived. 
                     
    
 
  (3) 
                     
    
 
  (4) 
                        (5) 
            
         
          
  (6) 
       (7) 
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Figure 2-5 Equivalent simplification of hollow core concrete slab in BSim 
 
Figure 2-6 Schematic of equivalent homogenous slab structure 
It should be noted that this equivalent simplification only keeps the same thermal 
resistance of this multilayer structure, which means that it is valid for the steady-
state calculation. For the transient-state calculation, further study should be carried 
out to determine the heat capacity and the density of the structure.  
Table 2-2 Comparison of heat transfer using different methods 
 Simplified method Numerical simulation 
HTCs 
 (W/(m2 K)) 
q1 
(W/m2) 
q2 
(W/m2) 
Ts1 
(℃) 
Ts2 
(℃) 
q1 
(W/m2) 
q2 
(W/m2) 
Ts1 
(℃) 
Ts2 
(℃) 
4 13.4 24.6 19.7 16.9 12.9 24.7 19.8 16.8 
8 17.1 44.7 20.9 17.4 16.3 44.9 21.0 17.4 
12 18.5 62.0 21.5 17.8 17.7 62.0 21.5 17.8 
16 19.1 77.2 21.8 18.2 18.4 77.0 21.9 18.2 
20 19.3 90.7 22.0 18.5 18.7 90.2 22.1 18.5 
 
Numerical simulation is selected to validate this simplified method. Table 2-2 
shows the average heat flow and average surface temperature for the studied slab 
Equivalent 
simplification 
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using the simplified method and numerical simulation. The lower surface 
temperatures of the slab are very close using both methods, whereas the upper 
surface temperature by simplified method is a little bit lower than that from 
numerical simulation. Additionally, the differences of heat flow from both surfaces 
are within 5%. 
Figure 2-7 shows the surface temperature distributions along the pipe distance. Both 
methods give nearly the same distribution for the lower surface temperature, and 
the only difference is the upper surface temperature. The reason for this deviation is 
that the simplified method transforms all different layers into one homogenous 
layer, but the hollow core actually exists and influences the uneven heat transfer in 
the upper part of the slab. Due to the pipes being closer to the lower surface, the 
pipes have small impacts on the heat transfer at the upper surface. If other layers 
like the insulation are considered, this impact would be neglected since the heat 
flow from the upper surface will be extremely low. 
 
Figure 2-7 Comparison of surface temperatures (h=8 W/(m2 K)) 
The validation shows that this simplified method has the same accuracy as the 
numerical simulation under steady-state conditions. Due to the characteristics of 
accurate and fast, this method would be useful to the heat transfer evaluation of this 
kind of TABS. Furthermore, this method can be extended to consider the effect of 
the water pipes on the heat transfer. For further information, please refer to Paper 2 
[34]: “A Simplified Method for Stationary Heat Transfer of a Hollow Core Concrete 
Slab Used for TABS”. 
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2.5. CONCLUSION OF THIS CHAPTER 
In order to get a deep insight to the heat and mass transfer mechanisms of TABS, 
this chapter has carried out an initial study on the thermal performance of TABS. 
There are different methods of evaluating the thermal performance of TABS, 
depending on the purpose of the evaluation. For a long-term evaluation, building 
energy simulation tools have priority, but an accurate modeling of TABS is 
indispensable. The findings of deficiency in the low radiant temperature module of 
EnergyPlus are very important, and a simplified method of inserting the two absent 
thermal resistances besides the pipe level significantly improves the accuracy of 
simulations. In order to get a fast and accurate evaluation of TABS in the design 
stage, a simplified method based on the equivalent thermal resistance is presented. 
The method is capable of calculating the surface heat flow and the surface 
temperature distribution, which can be used to predict the cooling/heating capacity 
and the potential condensation risk under steady-state conditions. 
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CHAPTER 3. DEVELOPMENT OF THE 
NOVEL SYSTEM 
The literature review in Chapter 1 showed that combining natural ventilation with 
building thermal mass is fruitful in improving the thermal comfort and reducing the 
energy use. But the direct use of cold outside air in winter by natural ventilation 
seems difficult since the high draught risk is often caused by the extremely cold air. 
However, diffuse ceiling supply shows superior ventilation performances in terms 
of low pressure drop and with draught-free environment even for low inlet 
temperatures, which offset the deficiency of natural ventilation used in winter. 
Combining the advantages of each technology, an independent system can be 
developed for office buildings. This system is viable to replace the traditional air 
conditioning systems and meet the cooling/heating and ventilation demands all year 
round. 
This chapter will present the initial development of this combined system in an 
office building and illustrate the operation principle. 
3.1. CONFIGURATION OF THE NOVEL SYSTEM 
 
Figure 3-1 Schematic diagram of the novel system 
Figure 3-1 shows schematically a novel system combining natural ventilation with 
thermally activated building constructions and diffuse ceiling supply. Outside air is 
supplied through the controlled vents to the plenum between the concrete slab and 
the acoustic diffuse ceiling. This air circulates and exchanges heat in the plenum. 
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Then it passes through the diffuse ceiling to cool and ventilate the lower room space. 
Finally, it exits the room through the air exhaust. In this way natural ventilation is 
used in the building during the whole year, even in cold winter. Meanwhile, TABS 
can be activated to provide the extra heating and cooling needs during extreme 
seasons and peak hours, depending on the cooling/heating needs in the room. Thus, 
this novel system has the potential to considerably reduce energy use and create a 
comfortable indoor environment. 
3.2. THERMAL PROCESSES OF THE ROOM USING THE NOVEL 
SYSTEM 
In order to investigate the operation of this system, the thermal processes of the 
building with this system are illustrated. A typical office room using this solution is 
divided into two parts by the ceiling panel-the lower room and the plenum, and 
Figure 3-2 depicts the thermal processes of this room. Assuming both air in the 
plenum and air in the lower room are well-mixed, the air heat balances of the lower 
room and the plenum can be written as Equations (8) and (9), respectively. 
       
   
  
  ̇    ̇        ̇    (8) 
       
   
  
  ̇    ̇        ̇        (9) 
 
Figure 3-2 Thermal processes of the room using the new solution 
CHAPTER 3. DEVELOPMENT OF THE NOVEL SYSTEM 
21 
 
Figure 3-3 Thermal processes inside the concrete slab 
Figure 3-3 depicts the thermal process inside the ceiling slab. The heat flow from 
the ceiling slab largely depends on the operation of TABS and the heat storage 
capacity of the concrete, which can be derived in Equation (10). 
 ̇      ̇     
       
  
   (10) 
 ̇       indicates the convective part of heat flow from the ceiling slab to the 
plenum air. Based on the above description, it can be written as follows: 
 ̇       {
( ̇     
       
  
)
 
                             
  
       
  
                                           
  (11) 
Finally, the entire heat balance of the room is changed into: 
       
   
  
        
   
  
  ̇   ̇      ̇    ̇        (12) 
3.3. OPERATION MODES OF THE NOVEL SYSTEM 
Normally, the operation of the new solution needs to ensure the room temperature 
at the comfort range under different climatic conditions. In order to combine natural 
ventilation with TABS in an energy-efficient way, an appropriate operation mode 
varying with the climatic conditions and the diurnal time is indispensable.  
If neglecting the heat capacitance of air in the room and in the plenum or if 
assuming air temperatures in the room and in the plenum vary very slowly during 
the specified periods, then Equation (12) is changed into: 
 ̇   ̇      ̇    ̇         (13) 
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During the un-occupied time of office buildings,  ̇   is considered as zero. Thus, 
the heat balance equation changes into Equation (14). Actually,  ̇     in Equation 
(14) represents the effect of night ventilation. 
 ̇   ̇      ̇          (14) 
Based on the above heat balance equations (Equations (13) and (14)), the operation 
of this new solution can be classified into five modes as shown in Table 3-1. This 
section will qualitatively illustrate each mode under different conditions. 
Table 3-1 Operation modes under different climatic conditions 
Building 
      occupation 
 Seasons         
Occupied Un-occupied 
Extreme 
winter 
Condition  
 ̇   ̇      ̇   
  
       
  
      
 ̇        
 ̇    
       
  
      
 ̇        
Mode  
  
Winter 
Condition  
 ̇   ̇      ̇   
  
       
  
      
 ̇        
 ̇    
       
  
      
 ̇        
Mode  
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Moderate 
Condition  
 ̇   ̇      ̇   
  
       
  
      
 ̇        
 ̇    
       
  
      
 ̇        
Mode  
  
Summer 
Condition  
 ̇   ̇      ̇   
  
       
  
      
 ̇        
 ̇   ̇       
       
  
   
   
 ̇         
Mode  
  
Extreme 
summer 
Condition  
 ̇   ̇      ̇   
  
       
  
      
 ̇        
 ̇    
       
  
      
 ̇        
Mode  
  
 
In the extreme winter season, there is no solar heat gain and the outside air 
temperature is extremely low. As a result, heat loss to the outside is relatively large. 
During the occupied period, the ventilation rate should be kept at a minimum level 
for ensuring the acceptable indoor air quality. With the depletion of stored heat, 
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heat gains cannot ensure thermal comfort and TABS are activated to supplement 
extra heating. During the un-occupied time, TABS still need to operate to offset the 
heat loss through the building envelope. If necessary, a fan is beneficial to blend the 
air in the plenum with room air to increase heat transfer of TABS and reduce the air 
temperature difference. 
In the normal winter season, solar radiation is beneficial to the room heating and 
outside air temperature is higher, which reduces the heat loss to the outside. During 
the occupied time, all heat gains can offset the heat loss of envelope and ventilation. 
The thermal equilibrium of the system is achieved without activating TABS. Before 
offsetting the heat gains in the occupied zone, cold outside air comes into the 
plenum and is heated by the relatively warmer concrete slab by convection. 
Actually, sometimes the sum of all heat gains is larger than the total heat loss when 
the ventilation rate is kept at the minimum level. This means there is a cooling need 
even in winter. The new system is capable of supplying this cooling by increasing 
the ventilation rate without any draught risk. Nevertheless, during the un-occupied 
time, auxiliary heating from TABS is still required to keep the room air temperature 
within acceptable limits.  
In the moderate seasons the climate is temperate and the air temperature is very 
suitable for natural ventilation. During the occupied time, the cooling potential of 
natural ventilation can eliminate the extra heat gains to keep an acceptable thermal 
environment and excess heat gains are also partly accumulated in the building 
thermal mass. During the un-occupied time, the stored heat energy is released and 
offsets the heat loss of envelope. In this way, the system keeps the thermal 
equilibrium automatically without activating TABS. 
The normal summer season is analogous to the moderate seasons. Most of the time 
outside air temperature is still lower than the room air temperature so that natural 
ventilation is effective for cooling. Through increasing ventilation rate, it is possible 
to remove the extra heat gains and ensure the thermal comfort in the room. Some 
extra heat gains will be stored in the building thermal mass, and during the non-
occupied time this heat must be removed by night ventilation. In this way, the 
thermal mass is used passively without activating TABS. 
In the extreme summer season, the daytime or peak time involves very high outside 
air temperatures and/or high levels of solar radiation. During the occupied time, 
natural ventilation has to be kept at the minimum level. The excess heat gains are 
obviously larger than the passive storage capacity of TABS and, consequently, 
TABS are activated to supply extra cooling to ensure the thermal comfort. Similarly, 
during the night time, the outside air temperature is relatively high so night 
ventilation is unavailable or has very limited cooling potential. In order to remove 
the heat stored in the building thermal mass at daytime, the only appropriate way is 
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to activate TABS to offset it. Therefore, TABS are used nearly all day in the 
extreme summer season. 
The five operation modes show that natural ventilation is used in an efficient way 
during the whole year and the activation of TABS occurs only at extreme outside 
conditions. In addition, an optimal dynamic control is necessary for the selection 
between the different operation modes and for the optimization of system operation. 
For further information about the heat transfer processes and the operation modes, 
please refer to Paper 3 [9]: “A novel system solution for cooling and ventilation in 
office buildings: A review of applied technologies and a case study”. 
3.4. CONCLUSION OF THIS CHAPTER 
This chapter demonstrates the composition and the operation principle of the novel 
system, based on an analysis of the thermal processes of an office room equipped 
with this system. The composition considers the construction of the office and the 
sound insulation. The small openings are located on the top of the façade, and the 
diffuse ceiling fully covers the room. The analysis of thermal processes indicates 
that different operation modes and control strategies should be used in different 
climatic conditions to ensure the minimum energy use and the comfortable thermal 
environment. 
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CHAPTER 4. INITIAL ANALYSIS OF 
ENERGY SAVING POTENTIAL OF THE 
NOVEL SYSTEM 
Since natural ventilation is used in the novel system all year, compared with 
mechanical cooling and ventilation, the energy saving potential would be expected 
at an attractive level. Meanwhile, due to the use of diffuse ceiling inlet the thermal 
comfort would be maintained in the room as well. To further investigate the energy 
saving potential of this system, an energy performance comparison with other 
traditional systems is carried out by building simulation. 
4.1. BUILDING MODEL 
The simulated office room has the external dimensions of 8.0 m × 3.6 m × 4.8 m. 
The plenum height from the bottom of the slab to the ceiling panel is 0.5 m, and the 
net floor area is 26.0 m
2
. One window with the dimensions of 2.7 m × 2.8 m is 
located in the exterior wall, and the percentage of glazed area compared to the 
exterior wall area is 49.0%. The detailed materials used in the constructions can be 
found in Table 4-1. According to EN ISO 13786 [49], the calculated total thermal 
mass of the building is 174.6 Wh/(m
2
 K), corresponding to a very heavy 
construction. 
Table 4-1 Characteristic of the building components 
Envelope 
component 
Material Thickness 
[m] 
Density 
[kg/m³] 
Conductivity 
[W/(m K)] 
Capacity 
[J/(kg K)] 
U 
[W/(m2 
K)] 
Cdyn 
[kJ/(m2 
K)] 
Floor/Ceiling Concrete 0.25       2350        1.72          800 0.71 231.5 
 
18 
Glass 
wool         
0.05        14    0.042         800 
Plywood 0.01        561 0.12          1800 
Exterior wall Concrete 0.18       2350 1.72          800 0.33 240.0 
 
28.2 
Glass 
wool         
0.12        14   0.042         800 
Plaster 
board        
0.02       1240   0.7          1000 
Interior wall Plaster 
board        
0.015      1240   0.7          1000 4.77 127.1 
 
127.1 Sand-lime 0.15       1900   0.9          850 
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brick      
Plaster 
board        
0.015      1240   0.7          1000 
Window  U-value 0.7,  G-value 0.25, LT-value 0.3   
Ceiling panel Wood 
wool         
0.035       343   0.072        1300 1.03 11.9 
4.8 
 
This office rom is assumed to be located in Denmark using the reference weather 
condition of Copenhagen. The room is occupied from 9 am to 17 pm with two 
occupants. The minimum ventilation rate for the requirement of fresh air is 121.5 
m
3
/h, and the specific fan power (SPF) factor is 2.1 kJ/m
3
.The infiltration rate is 
0.15 h
-1
, corresponding to a highly-airtight building. A dynamic control of the 
window using shutter and solar-shading is designed to optimize the heat losses in 
cold seasons and the heat gains in hot seasons. 
4.2. DIFFERENT SYSTEMS COMPARED 
Both air-based systems and ordinary TABS with and without diffuse ceiling are 
considered in this comparison. Air-based systems cover Cases 1, 3, and 5 in Figure 
4-1. The application of ordinary TABS is presented in Case 2 while Case 4 
represents the novel system in our study. It should be noted that the outdoor air in 
all cases only provides the requirement of fresh air for the indoor air quality. 
Thermal performances in terms of heating/cooling need and thermal comfort of all 
cases are simulated and compared in this section. 
 
Case 1                                     Case 2                                     Case 3 
 
Case 4                                     Case 5 
Figure 4-1 The five cases studied 
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The performances of air-based systems are calculated both with and without the use 
of heat recovery (75%). The temperature set-point for air-based systems is based on 
the values of 21 ℃ for heating and 25.5 ℃ for cooling. TABS water temperature 
varies at the range of 16-18 ℃, and the water flow rate changes largely depending 
on the internal heat load level. The temperature in the room with TABS always 
fluctuates, and the set-point of the maximum temperature is 25.5 ℃ for cooling and 
the minimum is 21 ℃ for heating. 
4.3. EVALUATION CRITERIA 
Due to the different characteristics of each system, the air temperatures and 
heating/cooling energy needs will be different. The thermal comfort analysis is 
based on the operative temperature and is evaluated according to standard EN 
15251 [50]. Category II in EN 15251 is selected as it is in accordance with the 
thermal comfort level (-0.5<PMV<+0.5) in EN ISO 7730 [51]. A performance 
index (PI) associated with the category represents the percentage of values of 
operative temperatures during the occupied time that fall within the acceptable 
range of the category [52]. When the PI is at least 90%, the indoor thermal 
environment is supposed to meet a certain category. 
In category II, the operative temperature of 20 ℃ - 24 ℃ is the thermal comfort 
condition in heating seasons (October to April), while the operative temperature of 
23 ℃ - 26 ℃ is the thermal comfort condition in cooling seasons (May to October). 
All the simulation results of the operative temperature during the occupied time 
must have a PI of greater than 90% so as to compare each case at the same comfort 
level. 
4.4. PRIMARY ENERGY USE 
BSim is selected to carry out the energy simulation work. Since there is no model 
simulating the ventilation through the ceiling panel in BSim, a simplification is 
made where the source zone of ventilation in the lower room is the plenum and the 
source zone of ventilation in the plenum is the outside. Actually, this simplification 
neglects the effect of ceiling panel on the heat transfer of the ventilation, and will 
have a small influence on the room heat balance.  
In the evaluation, an electric chiller and a gas boiler are designated as the primary 
system equipment. Considering that it is impossible to get the primary energy use 
using BSim, some energy factors for the estimation need to be specified using the 
similar definition in literature [53, 54]. In this study, the system conversion factor is 
defined for the estimation of delivery energy use converted from the 
heating/cooling need while the primary energy factor is defined for the estimation 
of primary energy use converted from the delivery energy use. Table 4-2 shows 
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these factors for different systems. Since the energy use for the domestic hot water 
and lighting is identical for all cases, the primary energy use listed in this section is 
the summation of total energy use for heating, cooling and ventilation systems. 
Table 4-2 System energy factors for different systems 
 System conversion 
factor 
Primary energy 
conversion factor 
Air-based heating 0.8 1.0 
Air-based cooling 3.0 2.5 
Radiant heating 0.8 1.0 
Radiant cooling 3.5 2.5 
Mechanical ventilation  1.0 2.5 
 
Figure 4-2 Primary energy use of the whole year 
Figure 4-2 shows that the primary energy use of the new solution decreases fast. At 
the internal heat load of 65 W/m
2
, it has the minimum primary energy use. The 
other 4 cases without heat recovery (HR) have nearly the same pattern, reaching the 
minimum primary energy use at the internal heat load of about 40 W/m
2
 and 
increasing dramatically when the internal heat load is above 40 W/m
2
. However, for 
cases with heat recovery, minimum energy use occurs at the heat load of 25 W/m
2
. 
Comparing with the other four cases, the new solution has less primary energy use 
when the internal heat load is above 30 W/m
2
, which shows that the new solution 
has very good energy saving potential. For a typical office room with the internal 
heat load of 30-40 W/m
2
, energy saving potential of -10% - 50.3% and 31.2% - 51.3% 
can be achieved compared to cases with and without heat recovery, respectively. A 
high internal heat load brings a high energy saving potential.  
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For further information about the evaluation of energy saving potential and monthly 
heating/cooling needs, please refer to Paper 3 [9]: “A novel system solution for 
cooling and ventilation in office buildings: A review of applied technologies and a 
case study”. 
4.5. CONCLUSION OF THIS CHAPTER 
This chapter presents an energy performance comparison carried out by building 
simulation in order to find the energy saving potential of this new system. 
Compared with other HVAC systems, this new system has high energy saving 
potential when the internal heat load is higher than 30 W/m
2
. For the typical office 
room with the internal heat load of 30-40 W/m
2
, the maximum energy saving 
potential can reach up to 50%. Meanwhile, the cooling energy saving of the new 
solution mainly occurs in summer, transitional seasons and part of winter, 
depending on the internal heat load level. For this new solution the required 
ventilation rate and ventilation period increase with the internal heat load, and the 
minimum natural ventilation is sufficient for cooling in winter due to the large 
cooling potential of outside air. However, in the extreme hot summer, the cooling 
potential of natural ventilation is limited and TABS should be activated to supply 
the supplementary cooling. 
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CHAPTER 5. MEASUREMENTS OF 
THERMAL PROPERTIES OF 
CONCRETE AND CEILING PANEL 
USED IN THE EXPERIMENTS 
The initial energy saving potential analysis shows the proposed novel system has 
high cooling energy saving potential due to the use of natural ventilation all year. 
The additional study will be carried out to experimentally investigate the thermal 
performance of the system and the influencing factors. Thermal properties of the 
concrete slab and the ceiling panel are very important in the calculation of energy 
balance in the experiments and in the building simulations; therefore, this section 
will present the measurements of thermal properties of the concrete used in the slab 
and the diffuse ceiling panel. The main thermal properties studied here are the 
thermal conductivity and the specific heat capacity.  
5.1. MEASURING DEVICE 
 
Figure 5-1 Measuring apparatus 
Measurements are carried out using a hot plate apparatus type EP500 fabricated by 
Lambda Messtechnik [55], cf. Figure 5-1. Samples are inserted between the upper 
hot and the lower cold plate with the dimensions of 50 cm×50 cm. The measuring 
area is the middle square with a size of 15 cm×15 cm, and the rest part is a frame 
made of highly insulating material. This kind of structure can ensure an one-
dimensional heat flow between the upper and lower surfaces of the sample. In order 
to ensure a good attachment and minimize the surface resistance between the two 
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plates and the measured sample, a thin layer of ultrasound gel is used on both sides 
of the sample. 
5.2. MEASUREMENTS OF THERMAL CONDUCTIVITY 
Thermal conductivity of the sample is measured under steady-state conditions using 
the standard hot plate apparatus. A constant temperature difference is set between 
the cold and hot plates, but with different mean surface temperatures. Each time the 
apparatus can measure three different mean surface temperatures. For each sample 
the measurement is repeated for three times in order to improve the accuracy.  
The concrete is polished before the measurements and is dried in an oven for 
several days. Since the ceiling panel has a porous structure, it is necessary to make 
a good direct contact with the cold and hot plates and to protect the sample. 
Therefore, a sandwich structure as shown in Figure 5-2 is considered. The ceiling 
panel is located between two wooden plates, so it can be well protected. Meanwhile, 
the smooth surface of the wooden panel is able to make a good contact with the 
cold and hot plates. First, the thermal conductivities of the wooden plate and the 
sandwich structure are measured, respectively. Then the thermal conductivity of the 
ceiling panel can be calculated based on the method of equivalent thermal 
resistance.  
Table 5-1 shows the measured thermal conductivities of the samples, the average 
value of the concrete is 1.797 W/(m K) and the value of the ceiling panel is 0.085 
W/(m K). Apparently, the ceiling panel behaves as an insulation layer. The 
measured thermal conductivities of the material will be used in the heat balance 
calculation in the steady-state measurements. 
 
Figure 5-2 Measurement of ceiling panel 
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Table 5-1 Measured thermal conductivities 
 Sample  Dimension (mm) Density ρ 
 (kg/m3) 
Thermal 
conductivity λ 
(W/m·K) 
Thermal 
resistance R 
(m2·K/W) 
Concrete  76.9×150.0×150.0 2199.135 
  
  
1.735   
1.796   
1.861   
Wooden panel 22.7×150.0×150.0 481.148 
  
  
0.086 0.264 
0.087 0.261 
0.089 0.256 
Sandwich panel 57.8×150.0×150.0 430.361 
  
  
0.085 0.679 
0.085 0.681 
0.088 0.655 
Calculation of 
ceiling panel 
35.1×150.0×150.0 398.603 
  
  
0.084 0.414 
0.083 0.420 
0.088 0.399 
 
5.3. MEASUREMENTS OF SPECIFIC HEAT CAPACITY 
 
Figure 5-3 Temperature profile for the boundary condition 
To study the dynamic heat transfer processes of the system, it is also important to 
know the specific heat capacities of the concrete and the ceiling panel. In order to 
achieve the specific heat capacities of the samples, the standard capability of the hot 
plate apparatus is modified so it could be set to a defined dynamic load [56]. In this 
study a dynamic temperature profile applied for the top and bottom of the sample is 
varying linearly from 18 ℃ to 32 ℃ over 12 hours, and only heating up the sample 
is investigated. It is symmetrically heated from top and bottom over time. Before 
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and after that duration the sample temperature is stabilized for 5 hours at 18 ℃ and 
32 ℃, respectively, see Figure 5-3. 
Take the measurement of the concrete sample for example, a layer of thermal gel is 
covered on the top and bottom of the concrete sample. This gel is inserted between 
two layers of very thin foil. A heat flux film with the dimensions of 0.08×0.08 m is 
pressed in that layer. The heat flux through the film will induce a voltage difference, 
which is recorded by the data logger. This film is calibrated before the test, so the 
function of the heat flux and the measured voltage can be derived. The finished top 
of the concrete is shown in Figure 5-4 where we can observe the location of the heat 
flux film. Additionally, in order to measure the temperatures of both surfaces, type-
K thin thermocouples are put on the surfaces with two on each surface. The 
HELIOS data logger is used to record the temperatures and voltage from the heat 
flux meter every 10 seconds. 
 
Figure 5-4 Heat flux film location and concrete sample in the insulating frame 
In the test, three cases are repeatedly measured. Table 5-2 and Figures 5-5--5-7 
show the results. The average voltage is 0.00073 V, corresponding to the heat flux 
of 28.5 W/m
2
.  
Table 5-2 Measurement results 
Case  Initial 5 hours Last 5 hours  Mean voltage during 
12 hours (V) 
Bottom T 
(℃) 
Top T 
(℃) 
Bottom T 
(℃) 
Top T 
(℃) 
 
1 17.82 18.10 31.79 32.01 0.000731 
2 17.80 18.09 31.78 32.01 0.000718 
3 17.82 18.11 31.78 32.00 0.000743 
Mean 17.81 18.10 31.78 32.01 0.000731 
 
CHAPTER 5. MEASUREMENTS OF THERMAL PROPERTIES OF CONCRETE AND CEILING PANEL USED IN THE 
EXPERIMENTS 
37 
 
Figure 5-5 Case 1 results 
 
Figure 5-6 Case 2 results 
 
Figure 5-7 Case 3 results 
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In order to get the specific heat capacity of the concrete sample, numerical 
simulation is carried out to find the function between the heat flux and the 
corresponding specific heat capacity. The boundary conditions in Table 5-2 are 
used, and different heat capacities are simulated to find the relationship between the 
heat flux and the corresponding specific heat capacity. Finally, the derived specific 
heat capacity of the concrete is 811.74 J/(kg K). 
The same method is used to measure the specific heat capacity of the ceiling panel, 
and the method of using a sandwich structure described in Section 5.2 is considered 
again. Firstly the heat capacity of the wooden panel is derived, secondly numerical 
simulation is used to determine the heat capacity of the ceiling panel. The final 
value of the specific heat capacity of the ceiling panel is 932.31 J/(kg K). 
5.4. CONCLUSION OF THIS CHAPTER 
The measurements of thermal properties of the concrete and the ceiling panel are 
useful in the energy calculation of the experiments. The measured thermal 
conductivity of the ceiling panel is 0.085 W/(m K), which is very small. So the 
diffuse ceiling panel may behave as an insulation layer in the practical application 
and may have an influence on the heat transfer between TABS and the room space 
in our proposed novel system. 
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CHAPTER 6. EXPERIMENTAL STUDY 
ON THE STEADY-STATE 
PERFORMANCE OF THE SYSTEM 
The initial energy simulations show that the diffuse ceiling panel reduces the heat 
transfer between the TABS and the room space due to the decreased radiant heat 
transfer. But the ventilation in fact increases the convective heat transfer in the 
plenum. Thus, the effect of diffuse ceiling on the energy performance of TABS 
should be further investigated in the experiments. Moreover, either TABS or natural 
ventilation can eliminate the internal heat loads, and the different combinations of 
them will have significant influences on the energy performance of the system. 
Besides, the problems of local thermal comfort and condensation are crucial as well 
when using TABS. Therefore, it is necessary to carry out experiments to study the 
above mentioned issues. 
In this chapter, the steady-state measurements are described. An experimental set-
up is built in a way to represent, as good as possible, the characteristics of a typical 
office room equipped with this new system. The steady-state tests measure thermal 
conditions in the room and thermal parameters of TABS. The thermal performance 
of TABS is investigated including the cooling capacity of TABS and the heat 
transfer coefficient of the radiant slab surface. The analysis includes the influence 
of ceiling panel on the heat transfer between the TABS and the room space as well 
as the cooling components from the diffuse ceiling. The main focus of this study is 
to provide further experimental information for a better understanding of the heat 
transfer phenomenon of TABS with the influences from the diffuse ceiling panel 
and the ventilation inside the plenum. 
6.1. TEST CHAMBER 
The test chamber, consisting of a cold chamber and a hot chamber, is a strongly 
insulated wooden structure. To simulate a typical office room, a test room in the hot 
chamber is constructed with the dimensions of 4.8 m (length) × 3.3 m (width) × 
2.72 m (height, from concrete slab surface to floor surface) as shown in Figure 6-1. 
For cases with ceiling panel, the diffuse ceiling is installed at a height of 2.335 m, 
consisting of suspension profiles and acoustic ceiling panels. The plenum height is 
about 0.35 m after mounting the ceiling panel. The diffuse ceiling panel has a 
thickness of 0.035 m. 
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Figure 6-1 Geometry of the test chamber with ceiling panel (unit: mm) 
The cold chamber is used to simulate the outside environment and is able to 
maintain an outside environment with a temperature range from -8 ℃ to 32 ℃. The 
hot chamber involves three zones: the test room, the upper zone, and the 
surrounding zone. The upper zone simulates an identical office room above the test 
room, and an Air-Handling Unit (AHU) inside ensures the same temperature in the 
test room. The surrounding zone encloses the hot chamber. The circulating air in 
this surrounding zone, with the same temperature as in the test room, reduces the 
energy loss to the outside. Natural ventilation is simulated by the air circulation in 
the cold and hot chambers through the small window and the room exhaust in this 
study. The mechanical fan produces a pressure difference between the cold and hot 
chambers, which is the driving force of the air circulation. 
 
Figure 6-2 Geometry of the concrete slab (unit: mm) 
Four concrete slabs embedded with water pipes are used in the experiment with the 
geometry shown in Figure 6-2. The water pipes have a diameter of 0.02 m and a 
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thickness of 0.002 m. The hydraulic circuit between slabs is connected in series, as 
depicted in Figure 6-3. 
 
Figure 6-3 TABS water circuit in series connection 
6.2. DESIGNED STEADY-STATE MEASUREMENTS 
In order to investigate the cooling performance of this new system as well as the 
thermal performance of TABS with and without the influence of diffuse ceiling 
panel, the tests are classified into two groups in Table 6-1: 10 cases without diffuse 
ceiling panel (reference cases) and 10 cases with diffuse ceiling panel (new system 
studied). A real office environment with manikins, desk lighting, and computers is 
constructed. To simulate the solar radiation, an additional electric carpet with the 
dimensions of 3.3 m×0.8 m is placed on the floor at a distance of 0.3 m from the 
facade. Two heat load levels are considered: low and high. A low heat load with 
heat sources excluding the electric carpet is about 28.4 W/m
2
 floor area. Whereas a 
high heat load level considering solar radiation indicates that all heat sources are 
used with a heat load of about 57.7 W/m
2
 floor area. Five outside climates are 
simulated in the cold chamber and are determined as the boundary conditions of the 
tests. The design room air temperature is 24 ℃ for all cases. The ventilation rates 
for removing the heat load are 2 ACH (86.2 m
3
/h) and 4 ACH (172.3 m
3
/h) for the 
low and high heat load levels, respectively. The water temperature and the mass 
flow rate of TABS are adjusted to maintain the design temperature of the room. 
In Table 6-1, the negative/positive proportion (rate to the heat load) means a heat 
loss/heat gain in the test room from natural ventilation (NV) and TABS. Take Case 
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1 for example, the internal heat load is 28.4 W/m
2
 and has the proportion of +100%. 
Ventilation with 2 ACH brings a heat loss of 56.8 W/m
2
, corresponding to the 
proportion of -200%. To maintain the design room temperature, TABS are required 
to supply the extra heat with the proportion of +100%, corresponding to a heat load 
of 28.4 W/m
2
. 
Table 6-1 Designed cases 
Heat 
load  
ACH 
(h-1) 
Proportion 
of NV (%) 
Proportion 
of TABS (%) 
Coldbox air 
T (℃) 
Without 
diffuse 
ceiling 
With 
diffuse 
ceiling 
Low 
2 -200 +100 -8 Case 1 Case 11 
2 -100 0 9 Case 2 Case 12 
2 -50 -50 15 Case 3 Case 13 
2 0 -100 24 Case 4 Case 14 
2 +50 -150 32 Case 5 Case 15 
High 
4 -200 +100 -8 Case 6 Case 16 
4 -100 0 9 Case 7 Case 17 
4 -50 -50 15 Case 8 Case 18 
4 0 -100 24 Case 9 Case 19 
4 +50 -150 32 Case 10 Case 20 
 
Table 6-2 shows the parameters measured by different sensors used to evaluate the 
cooling performance of this system, the thermal performance of TABS, the thermal 
comfort in the test room, and the pressure drop of the whole diffuse ceiling. All the 
measured data is averaged every 10 seconds. 
Table 6-2 Measured parameters and devices. 
Parameters Measurement devices Accuracy 
Air temperature Type-K thick thermocouples 0.1 ℃ 
Surface temperature Type-K thin thermocouples 0.1 ℃ 
Air velocity Dantek anemometers ±5% 
Water flow rate Brunata  ±(2+0.02qp/q)% 
Ventilation air flow rate Orifice and micromonometer ±5% 
Power consumption of heat source Power meter 0.5 W 
Pressure difference FCO510 micromonometer ±0.25% 
 
For further information about the measurements, please refer to Paper 4 [35]: 
“Experimental investigation of cooling performance of a novel HVAC system 
combining natural ventilation with diffuse ceiling inlet and TABS”. 
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6.3. ENERGY BALANCE ANALYSIS 
The thermal processes of the test room involve the heat transmission from TABS to 
the test room, heat gain/loss from ventilation, heat transmission from the 
surrounding constructions, and heat gains from the heat sources. The accuracy of all 
tests is checked with an energy balance analysis, and the heat unbalance rates of all 
cases are within 10% excluding cases 11 and 20 [35]. The error can be attributed to 
the data logger resolution, the composition of thermocouples, the accuracy of the 
ice point reference, and the calibration procedure.  
The proportion of energy delivered by TABS to the test room is evaluated as well. 
For TABS without ceiling panel, approximate 90% of the cooling energy delivered 
by TABS transfers to the test room. While the corresponding proportion of energy 
is about 85% in heating cases. This difference in energy proportion results from the 
higher heat transfer coefficients at the slab surface for TABS cooling compared to 
the heat transfer coefficients in TABS heating.  
On the other hand, more than 90% of heating energy for TABS with ceiling panel is 
supplied to the test room, while the proportions of cooling energy transfer are 
relatively lower. The reason is that with a diffuse ceiling the plenum air temperature 
is always lower than the room air temperature in order to cool the room space. The 
lower plenum air temperature is beneficial to TABS heating, but it decreases TABS 
cooling capacity. 
6.4. COOLING PERFORMANCE OF TABS 
Since the four tested heating cases are insufficient to evaluate the heating 
performance of TABS, this section only focuses on the cooling performance of 
TABS. The cooling performance of TABS is evaluated as a heat exchanger, and a 
model considering a cooling ceiling under steady-state conditions is introduced [57]. 
Paper 4 [35] presents calculations of thermal parameters such as cooling capacity, 
log mean temperature difference (LMTD), and heat transfer coefficient of TABS. 
There is a linear growth of specific cooling power with LMTD for both cases with 
and without ceiling panel, see Figure 6-4. It has to be noted that the operative 
temperatures for calculating LMTD in Figure 6-4 are distinct. For cases without 
ceiling panel, the measured operative temperature in the lower test room is used. 
For cases with ceiling panel, the calculated operative temperature in the plenum is 
used. Accordingly, the curve for cases with ceiling panel is higher than that for 
cases without ceiling panel. 
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Figure 6-4 TABS cooling capacity as a function of LMTD 
Figure 6-5 gives the U-value of TABS cooling. It can be seen that it is almost a 
constant value of 6.2 W/(m
2
 K) for cases without ceiling panel. On the other hand, 
it increases smoothly with LMTD for cases with ceiling panel, and a mean value of 
7.2 W/(m
2
 K) can be observed. For the latter one, it is actually largely influenced by 
the plenum air and the ceiling panel. The U-value for cases with the ceiling panel is 
a little higher due to the selection of the reference operative temperature and LMTD. 
 
Figure 6-5 U-value of TABS variation with LMTD 
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6.5. DETERMINATION OF HEAT TRANSFER COEFFICIENTS OF 
TABS COOLING 
The heat transfer between the typical TABS and the room space fundamentally 
consists of convection and radiation. In this study, air flow pattern around the slab 
surface is very complicated when the ceiling panel exists. Instead of directly 
evaluating the convective heat transfer coefficient by measurements or empirical 
methods, the radiant heat transfer coefficient is calculated first and the convective 
heat transfer coefficient can be derived based on the total room heat balance. The 
detailed calculation can be found in Paper 4 [35]. 
The data presented in Figure 6-6 for cases of TABS without ceiling panel shows 
that the radiant and convective heat transfer coefficients have the average value of 
5.44 W/(m
2
 K) and 2.64 W/(m
2
 K), respectively. The radiant heat transfer 
coefficient is very close to the constant of 5.5 W/(m
2
 K) for radiant cooling system 
in the previous studies [58-60]. Convective heat transfer coefficients are lower than 
radiant ones, meaning that the radiant heat transfer is dominant in this study despite 
of the ventilation. The total heat transfer coefficient shows a small range with a 
mean value of about 8.07 W/(m
2
 K), which is lower than the value in the literature 
[58, 61, 62]. The main cause is the lower convective heat transfer coefficient. 
 
Figure 6-6 Heat transfer coefficients for TABS cooling without ceiling panel 
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Figure 6-7 Heat transfer coefficients for TABS cooling with ceiling panel 
The data depicted for TABS with ceiling panel (Figure 6-7) shows that the radiant 
heat transfer coefficient almost keeps a constant value of 4.3 W/(m
2
 K). This value 
is significantly lower than the typical value of 5.5 W/(m
2
 K) for most radiant 
systems, which may be attributed to the influence of the ceiling panel on TABS 
cooling. However, ventilation in the plenum apparently increases the convective 
heat transfer coefficient, compared to the cases without the ceiling panel. Further, 
the convective heat transfer coefficient increases with the ventilation rate and inlet 
air temperature. Actually, even cases with and without the ceiling panel have the 
identical total heat transfer coefficient. To deliver the same amount of energy, 
TABS with ceiling panel needs a lower water temperature or a higher water flow 
rate. The reason is that when the ceiling panel is mounted, TABS first cools the 
incoming ventilation air and the plenum surfaces in order to get sufficient 
convective and radiant energy. But the temperatures of air and surrounding surfaces 
in the plenum are always lower than those in the test room. That is why a lower 
water temperature is needed to cool them compared to cases without ceiling panel.  
6.6. COOLING FROM DIFFUSE CEILING TO TEST ROOM 
When the diffuse ceiling panel is mounted, TABS first delivers cooling to the 
ventilation air and ceiling panel. Then this cooling is transferred to the lower test 
room through ventilation and heat conduction of ceiling panel. Based on the heat 
balance of the diffuse ceiling, the cooling components of diffuse ceiling can be 
derived in Figure 6-8. 
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Figure 6-8 Cooling heat transfer weight 
As seen in Figure 6-8 the conduction through the ceiling panel accounts for about 
65% in cases with low heat load, whereas it decreases to about 37% in high heat 
load cases. The reason is that the ventilation rate for high heat load cases is twice 
that of low heat load cases, leading to the fact that the ventilation cooling has a 
higher proportion than conduction for high heat load cases.  
6.7. CONCLUSION OF THIS CHAPTER 
This chapter performs a full-scale experimental study on the energy performance of 
the system under steady-state conditions. Due to the influence of diffuse ceiling, the 
proportion of cooling energy delivered by TABS to the test room is decreased 
compared with that of cases without ceiling panel. However, the ceiling panel is 
beneficial to TABS heating with a higher proportion (more than 90%) of heating 
energy transferred to the test room. The cooling capacities of TABS with and 
without ceiling panel linearly increase with LMTD. The U-value of TABS keeps 
more or less constant in both cases. 
For TABS without the ceiling panel, the radiant heat transfer coefficient almost 
keeps a constant value of 5.4 W/m
2
 K, which is very close to the value of 5.5 W/m
2
 
K for typical radiant systems. The radiant heat transfer is dominant because the 
convective heat transfer coefficient is lower. When there is a diffuse ceiling, the 
radiant heat transfer coefficient is reduced to a constant value of 4.3 W/m
2
 K. On 
the other hand, the convective heat transfer coefficient increases with the ventilation 
rate and the inlet air temperature. Therefore, the diffuse ceiling panel decreases the 
radiant heat transfer but increases the convective heat transfer. Meanwhile, the low 
temperature environment in the plenum is adverse to TABS cooling with lower 
water temperatures used. 
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CHAPTER 7. EXPERIMENTAL STUDY 
ON THE DYNAMIC PERFORMANCE OF 
THE SYSTEM 
The water temperatures used in the steady-state cases with ceiling panel are lower 
than 16 ℃ for cooling, which is uncommon for TABS in practical applications due 
to the risk of condensation. If TABS is passively (TABS un-activated) and actively 
(TABS activated) combined with natural ventilation at different time, the heat 
storage capacity of TABS can be exploited and the common TABS operation with 
higher supply water temperature for cooling would be suitable for this combined 
system. Besides, the response time test [63] shows that the TABS used in the 
present study has a long response time of about 5 hours, which raises doubts on the 
steady-state measurements for representing the real conditions. Therefore, it is 
essential to further investigate the dynamic energy performance of this system.  
The main objectives of the dynamic measurements are to investigate the dynamic 
behavior of the system and to test different selected control strategies. The primary 
focuses are the energy balance of the system and the thermal comfort of the test 
room under the tested control strategies. The control strategy should include both 
passive and active use of TABS, and get the utmost utilization of cooling potential 
from natural ventilation. The experimental results will be beneficial to the future 
design and application of this system.  
7.1. DESIGNED DYNAMIC EXPERIMENTS 
The same experimental set-up in the steady-state tests (Chapter 6) is used in the 
dynamic measurements. But a new dynamic control system is developed for the 
flexible parameter control, including the control of internal heat sources, solar 
radiation, ventilation, window opening, TABS, and so on. The internal heat sources, 
window opening, and TABS have an On/Off control using a timer, respectively. 
Solar radiation is simulated by an electric carpet and controlled by a dynamic 
voltage input. Ventilation rate is controlled by a mechanical fan and a frequency 
transformer, and a voltage output based on the room air set-point is sent to the 
frequency transformer to change the fan speed. Figure 7-1 shows the updated set-up 
in the room. 
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Figure 7-1 Set-up in the test room 
The designed cases are shown in Table 7-1 and the determination of the climate of 
three typical days is based on the Danish Reference Year [64]. The typical winter 
day indicates an average day in January, and a cloudy sky is assumed without any 
solar radiation. The typical day in the transitional season is an average day of May, 
and a partly cloudy sky is assumed with varying solar radiation. The typical 
summer day represents an average day in July, and a totally clear sky is assumed 
with the maximum solar radiation. Considering the dynamic conditions, a 
sinusoidal pattern is designated for the outside air temperatures.  
The power consumption of the internal heat sources during the occupied hours 
(9:00-17:00) is 30.0 W/ m
2
 floor area. In order to simulate the solar radiation, an 
additional electric carpet with the dimensions of 3.3 m×0.8 m is placed 0.2 m from 
the facade. A profile with the varying solar load is designed as the input for the 
carpet. In this experiment, the net glass area ratio to window is 0.85 and the g-value 
is 0.5. The shading factor is assumed as 0.8. Thus, the power of the carpet 
corresponding to the solar heat gain in the room is calculated. 
Table 7-1 Designed conditions for dynamic measurements 
Case 
number 
Typical 
days 
Outside 
air T (℃) 
Internal 
heat load 
(W/m2) 
Solar radiation 
(Wh/(m2 
window/day)) 
Upper/ 
surrounding 
zone air T(℃) 
Case 1 Winter -1.0±2.5 30 0  22 
Case 2 Transitional 
season 
10.9±5.75 30 3432 23 
Case 3 Summer 20.0±6.0 30 4848  24 
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The measured parameters include the air temperature, the operative temperature, the 
surface temperature, the water flow rate and temperature, the ventilation air flow 
rate, the air velocity, and the power consumption of heat sources. These measured 
parameters are used to evaluate the energy balance and the thermal comfort of all 
cases using the corresponding control strategy. 
Six columns are placed in the test room at the fixed positions shown in Figure 7-2, 
and five anemometers are placed on each column at the height of 0.1 m, 0.6 m, 1.1 
m, 1.7 m, and 2.3 m. The anemometers are calibrated before the tests; therefore, 
they are able to measure the air temperature and the air velocity in the test room 
simultaneously. The measurements of all the other temperatures can be found in 
Ref. [63]. The power consumption of all internal heat sources is measured by the 
Fluke 345 PQ clamp meter. The power of electric carpet is calibrated before the 
tests and is recorded by the PREMA 5017 Precision Multimeter. The water mass 
flow rate of TABS is measured using the flow meter-Brunata placed on the return 
water pipe. The ventilation air volume is measured with the help of an orifice in the 
exhaust duct and a pressure difference transformer. This pressure difference 
transformer is calibrated with a micro-monometer before the tests, so it is able to 
measure the dynamic ventilation rate.  
The dynamic measurements are carried out under the quasi-steady state conditions, 
in each case the system operates repeatedly for several days until a very small 
deviation of every parameter at the same time of each day is achieved. 
 
Figure 7-2 Measuring positions in dynamic measurements 
7.2. CONTROL STRATEGIES IN DIFFERENT CLIMATES 
In the dynamic measurements, the main control parameters are the operation time 
of TABS, the ventilation rate, and ventilation time. The basic control is based on 
both room air temperature and outside air temperature. Two PT-100 sensors are 
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placed on the Column 5 (as in Figure 7-2) at a height of 1.1 m where the measured 
temperature is close to the room average according to the steady-state tests. The 
ventilation is controlled by the mechanical fan, which in turn is controlled by one of 
the PT-100 sensors. Another PT-100 is responsible for the activation of TABS.  
The minimum ventilation for the indoor air quality in the test room is 72 m
3
/h, 
corresponding to an ACH of 1.7 h
-1
. The maximum ventilation rate is flexible in 
each case in order to use the ventilation cooling at the maximum level, but cannot 
be higher than 387.8 m
3
/h (ACH=9 h
-1
). This is due to the limitation of fan control 
and the consideration of the available maximum natural ventilation in the real 
applications. When TABS are activated in the dynamic measurements, it is better to 
activate TABS before the occupied hours since the TABS used in our 
measurements have a long response time [63]. For a better control the water flow 
rate is kept a constant rate of 0.037 kg/s, corresponding to the recommended water 
velocity for the TABS in our case. The supply water temperature is kept at 32 ℃ 
for heating and 16 ℃ for cooling. Therefore, only the operating time of TABS is 
changed in the measurements. 
The initial control strategies used in the dynamic measurements are designed in 
Figures 7-3--7-5.  
 
Figure 7-3 Flow chart of control strategy in winter 
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Figure 7-4 Flow chart of control strategy in spring/autumn 
 
Figure 7-5 Flow chart of control strategy in summer 
7.3. RESULTS OF DYNAMIC EXPERIMENTS 
Table 7-2 lists a summary of control strategies used in the measurements, and 
Figures 7-6--7-8 depict the main results of temperatures of all cases after getting the 
quasi-steady state.  
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TABS heating in Case 1 is activated for two hours from 6:00 to 8:00. The measured 
supply water temperature is 31.6 ℃, and the constant water flow rate is 0.036 kg/s. 
The measured ventilation rate is a constant of 70.9 m
3
/h during the occupied hours. 
In Case 2 the ventilation period is from 7:00 to 19:00 since during this period the 
solar heat gain increases the room temperature. The measured ventilation rates are 
145.0 m
3
/h and 285.4 m
3
/h for the low and high levels, corresponding to 
approximately two times and four times the minimum ventilation rate. In order to 
keep a better control, the mechanical fan is controlled using a step setting rather 
than a continuous regulation. 
The ventilation system in Case 3 is working all day. The measured ventilation rates 
are 216 m
3
/h and 369.7 m
3
/h for the low and high levels, corresponding to 
approximately three times and 5.1 times the minimum ventilation rate. TABS 
cooling is activated before the occupied hours and for a total of 10 hours from 7:00 
to 17:00. The measured supply water temperature is 15.7 ℃, and the constant water 
flow rate is 0.037 kg/s. 
Table 7-2 Control strategies used in the dynamic measurements 
Case 
number 
Time Ventilation  TABS Internal heat 
sources 
Solar radiation 
Case 1 6:00 Off  Heating Off  Off 
8:00 Off  Off  Off  Off 
9:00 On (Min) Off  On  Off 
17:00 Off  Off  Off  Off 
Case 2 7:00 On (2×Min) Off  Off  On  
9:00 On (2×Min) Off  On  On 
10:15 On (4×Min) Off  On  On 
17:00 On (2×Min) Off  Off  On 
19:00 Off  Off  Off  On 
Case 3 7:00 On (3×Min) Cooling Off  On  
9:00 On (3×Min) Cooling On  On 
10:10 On (5.1×Min) Cooling On  On 
17:00 On (5.1×Min) Off  Off  On 
19:40 On (3×Min) Off  Off  On 
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Figure 7-6 Quasi-steady state results of Case 1 
 
Figure 7-7 Quasi-steady state results of Case 2 
 
Figure 7-8 Quasi-steady state results of Case 3 
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7.4. ENERGY BALANCE ANALYSIS 
 
Figure 7-9 Thermal processes of the room 
Figure 7-9 shows the primary thermal processes in the test room, including the heat 
gains from internal heat sources and solar radiation, heat loss/gain from TABS and 
ventilation, and heat transmission from the enclosed constructions. For the dynamic 
thermal processes, it is very hard to evaluate the energy stored and released time by 
time. Therefore, a total heat balance during 24 hours is considered for the 
evaluation of energy balance. The energy balance analysis has been carried out for a 
time step of 10 seconds and the total heat balance during 24 hours in a day is 
calculated in Table 7-3. Since the tests are carried out under quasi-steady state 
conditions, the steady-state method [63] is used for a 24-hour energy balance 
analysis. 
Table 7-3 Energy balance of the room during 24 hours (unit: Wh/day) 
Case 
number 
 ̇    ̇        ̇      ̇      ̇    ̇    ̇     ̇  ̅̇ 
(%) 
Case 1 3800 0 -3972.3 2335.4 272.4 242.5 -2311.5 366.5 9.6 
Case 2 3800 3773.5 -8701.8 0 1303.0 158.7 -1313.7 986.3 13.0 
Case 3 3800 5447.1 -7297.4 -4133.8 1813.6 261.9 -394.5 503.1 5.4 
 
Table 7-3 gives the results of heat balance analysis for all cases. The heat unbalance 
rates are within 10% except Case 2. The error can be attributed to the data logger 
resolution, the measurements of ventilation rate and water flow rate, the thermal 
properties of the facade with windows, and the uncertain thermal bridge of the room 
enclosure. Table 7-3 also shows that there is always heat gain from the upper zone 
and heat loss to the cold box. Since the surrounding zone has a temperature very 
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close to the room temperature, the heat gain from the surrounding zone is relatively 
small.  
7.5. THERMAL COMFORT ANALYSIS 
According to ISO 7730 [51], the thermal comfort in the occupied zone involves 
both whole-body thermal comfort and local thermal comfort. The indices of PMV 
and PPD can be used to evaluate the thermal comfort of the whole-body, and the 
operative temperature range is also available to evaluate it under the dynamic 
conditions. The local thermal comfort mainly is assessed by draught risk and 
vertical temperature difference. 
7.5.1. VERTICAL AIR TEMPERATURE AND AIR SPEED 
DISTRIBUTIONS 
Air temperatures and air velocities at six positions are measured with anemometers 
at the heights of 0.1 m, 0.6 m, 1.1 m, 1.7 m, and 2.3 m, respectively. Figures 7-10 
and 7-11 present the average results of six positions at every height.  
Figure 7-10 shows that there is a maximum of 1.0 K temperature difference from 
the floor to the ceiling in all cases, corresponding to a temperature gradient of less 
than 0.5 K/m. This indicates a good mixing of the room air when using diffuse 
ceiling ventilation. The temperature at the height of 2.3 m is a little lower than that 
at the height of 1.7 m, which may be caused by the influence of diffuse ceiling. In 
order to bring sufficient cooling, the air in the plenum is always colder than the 
room air. This cold air first penetrates through the diffuse ceiling panel and then 
mixes with the air at the upper part of the room, so the air at the height of 2.3 m is 
cooled down. 
In Figure 7-11 the measured velocity magnitudes for all cases are lower than 0.15 
m/s. The difference in air speed from ankle to head level is within 0.05 m/s. In Case 
1, the velocity in the occupied zone is very stable and very low. While in Case 2 
and Case 3, due to the increase of heat load and ventilation rate, the air velocities in 
the occupied zone increases. The air velocities at the height of 0.1 m and 1.7 m are 
very close. This may be caused by the increased heat sources and ventilation rate, 
which generates the strong thermal plume at the height of 1.7 m. This strong air 
flow circulates between the head level and the ankle level. Thus, the velocity at the 
height of 0.1 m is relatively high and close to the velocity at the height of 1.7 m. 
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Case 1                                                                             Case 2 
 
Case 3 
Figure 7-10 Vertical air temperature distributions 
 
Case 1                                                                Case 2 
CHAPTER 7. EXPERIMENTAL STUDY ON THE DYNAMIC PERFORMANCE OF THE SYSTEM 
59 
 
Case 3 
Figure 7-11 Vertical air velocity distributions 
7.5.2. OPERATIVE TEMPERATURE RANGE 
The same method described in Section 4.3 is used to evaluate the operative 
temperature range in the dynamic measurements. Figure 7-12 shows the results of 
thermal comfort based on the operative temperature range, the results are evaluated 
every 10 seconds. All cases have the PI higher than 90% and meet the comfortable 
range in the standards. 
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Figure 7-12 Thermal comfort of PI for the tests 
7.5.3. PMV/PPD 
PMV and PPD are used to evaluate the whole body thermal comfort. In this study, 
the mean values of air temperatures and velocity magnitudes at the heights of 0.1 m, 
0.6 m, and 1.1 m can represent the thermal state of the whole body, and the PMV 
and PPD indexes are calculated based on these mean values. A metabolic rate of 1.2 
is assumed in this calculation of PMV for all cases. The clothing value is assumed 
1.0, 0.75, and 0.5 for the three cases, respectively. The relative humidity in the 
room is measured by the two sensors at C-3 and C-5 (see Figure 7-2), at the height 
of 1.1 m. The mean radiant temperature is calculated from the plane radiant 
temperature according to ISO standard 7726 [65], which is determined based on the 
measured surface temperatures.  
Figures 7-13 and 7-14 depict PMV and PPD results of all cases, and Case 1 and 
Case 2 prove to have the best PMV and PPD. Since the surrounding surface 
temperature is relatively lower during the morning, the environment is a little cold 
for Case 3 with PMV lower than -0.5 and PPD higher than 10% in the first hour. 
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The time proportion of Case 3 out of the comfortable range is 8.1%. These results 
are very close to the evaluation in Section 7.5.2. 
 
Figure 7-13 PMV results of all cases 
 
Figure 7-14 PPD results of all cases 
7.5.4. DRAUGHT RATE (DR) 
The draught rate (DR) is calculated at a height of 0.1 m, 1.1 m and 1.7 m at all 
measured positions in Figure 7-2, respectively. The DR results in Table 7-4 show 
that all positions have very good thermal comfort with almost all values of DR 
below 10%, corresponding to the Category A in EN 7730 [51]. The highest value of 
DR is found at the height of 1.7 m at C-5, which may result from the heat sources. 
Actually, the internal heat sources are close to this position so the thermal plume is 
very strong at this height. Comparing Case 1 and the other two cases when there is 
solar radiation, the local discomfort increases with higher values of DR.  
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Table 7-4 Maximum draught rate during the occupied hours 
 Case 1 Case 2 Case 3 
 0.1 m 1.1 m 1.7 m 0.1 m 1.1 m 1.7 m 0.1 m 1.1 m 1.7 m 
C-1 0 0 1.2 6.0 8.2 7.7 6.0 3.8 5.7 
C-2 4.5 3.6 0 6.8 5.3 7.2 7.0 3.3 6.1 
C-3 4.6 2.2 0 5.7 6.1 8.0 5.3 4.8 3.9 
C-4 0 0 0.9 4.8 4.4 6.9 5.1 3.1 4.8 
C-5 0 0 9.8 9.0 3.6 11.3 7.1 2.4 10.6 
C-6 0 0 0 9.7 0 1.5 7.7 0 0 
 
7.6. CONCLUSION OF THIS CHAPTER 
The dynamic measurements show that the present control strategy used in each case 
can ensure a good thermal environment in the test room. In the winter case, extra 
TABS heating is needed even with the minimum ventilation rate. In the transitional 
season case, natural ventilation is very suitable to keep a perfect thermal 
environment in the room without any mechanical cooling. However, in the summer 
case, the natural cooling capacity is insufficient even if the night ventilation is used. 
Therefore, extra TABS cooling is needed.  
The thermal comfort analysis shows that the whole-body thermal comfort is quite 
good with an acceptable operative temperature range during the occupied hours, 
and no local thermal comfort problem is found in the measurements. Due to the 
application of diffuse ceiling, the vertical temperature gradient is very low. 
Meanwhile, the low air velocity in the occupied zone is also beneficial to keep a 
comfortable environment in the room. 
Through testing the control strategies used in different conditions, the dynamic 
thermal processes of the room with the proposed systems are revealed. Since 
cooling potential of natural ventilation is of great importance in this system, this 
system is highly dependent on the climatic condition and the room building thermal 
mass. A good suggestion is to use this system in a temperate climatic condition with 
high natural ventilation cooling potential where the activation of TABS can be 
reduced. When this system is to be used in a building, it is better to perform the 
energy simulation to investigate the natural cooling potential at the design stage.
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CHAPTER 8. CONCLUSIONS 
There is a trend of exploiting renewable energy sources and passive cooling 
technologies in order to reduce the energy consumption in the building sector. 
Natural ventilation is one kind of typical renewable energy source, which has high 
cooling potential in a cold climate like the Danish weather. However, due to the 
limitation of draught risk, the direct use of natural ventilation in winter is not 
possible. An interesting solution is to use the natural ventilation in an indirect way, 
which can be realized through a buffer zone like the plenum of the room. This 
thesis presents such a novel system combining natural ventilation with diffuse 
ceiling inlet and TABS for the future Danish office buildings with cooling demands 
all year round. Due to the use of diffuse ceiling, no draught problem is found even 
in the extremely cold conditions. The highly energy-efficient TABS can supplement 
the extra heating/cooling need during the peak hours. In this way, this novel system 
is able to utilize natural ventilation all year round, thus the energy consumption can 
be largely reduced. This work has focused on the energy performance of this system. 
Both building simulation and full-scale experiment methods are used in this study. 
The results of this study are beneficial to the future design and application of this 
system. 
In the initial study on the heat and mass transfer mechanisms of TABS, the low 
temperature radiant system module in EnergyPlus for modeling TABS is validated 
and modified. The modified model can predict the steady-state and transient 
thermal performance of TABS accurately. In order to get a fast and accurate 
evaluation of TABS in the design stage, a simplified method is developed based on 
the equivalent thermal resistance method. This method is able to predict the surface 
heat flow and surface temperature distribution of TABS.  
The initial analysis of energy saving potential by building simulation shows a very 
high cooling potential of the novel system used in a typical office room, without 
any compromise of thermal comfort. The results are derived based on the primary 
energy use comparisons with the other air-based systems and radiant systems. For 
the typical office room with an internal heat load level of 30-40 W/m
2
, the primary 
energy saving potential of this system can reach up to the maximum 50% compared 
with the other systems. The cooling energy saving of this system mainly occurs in 
summer, transitional seasons and part of winter, depending on the internal heat load 
level.  
In order to further investigate the thermal performance of this system and the effect 
of diffuse ceiling, a full-scale experimental chamber with this system is constructed 
in the lab to represent an office room environment. The steady-state measurements 
show that the diffuse ceiling enhances TABS heating but decreases TABS cooling. 
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The main reason is that when there is always a cooling need in the lower room, the 
temperature in the plenum must be lower than that in the lower room. This cold 
environment in the plenum is beneficial in releasing the heat energy from TABS, 
but is adverse to release cool energy from TABS.  
To further study the dynamic energy performance of the system, the dynamic 
measurements are carried out to test different typical climates with the 
corresponding control strategies. The focus is the effect of control strategy on the 
room thermal performance and thermal comfort. No local thermal comfort problem 
is found in the dynamic measurements, and the whole-body thermal comfort is 
quite good. The measured results reveal that natural ventilation can be used in the 
transitional season very well without any extra mechanical heating/cooling from 
TABS. But in the cold and hot seasons, extra TABS heating/cooling is demanded. 
The dynamic control strategies in the measurements provide some indicative 
suggestions on the application of this system in future.  
Overall, this novel system changes the concept of using natural ventilation and 
provides a new solution of HVAC system for future office buildings. But it should 
be noted that the prerequisite of using this system is the high availability of natural 
ventilation in the application region. It is recommended to utilize this system in a 
temperate climate with a high wind speed. In the design stage, it is better to perform 
the building simulation to study the applicability of this system in the design region. 
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CHAPTER 9. FUTURE WORK 
The work presented in this thesis shows a fully penetrable diffuse ceiling. The 
further work should also consider the partly covered diffuse ceiling, thus only part 
of the ceiling is penetrable. This configuration may influence the cooling 
performance of the system and the local thermal comfort.  
The diffuse ceiling behaves as an insulation layer with very low thermal 
conductivity; therefore, the influence on the heat transfer between TABS and the 
room space is obvious. If the material with higher thermal conductivity is used, this 
influence may be reduced. But if the thermal properties of the material are changed, 
the function of the ceiling panel as absorbing noise may be changed as well. 
Different diffuse ceiling panels should be tested in order to find the optimum 
material with the less effect on the heat transfer and noise problem. It is also 
possible to use one ceiling with two different suspended ceiling panels. One 
behaves as the diffuse ceiling and the other has very high conductivity, so the heat 
transfer by conduction can be promoted and the noise problem can be controlled 
simultaneously. 
In the construction of TABS, the water pipes in the concrete slab are very close to 
the surface, in order to decrease the response time of TABS. The energy storage 
capacity of the slab largely depends on the thermal properties of the concrete, the 
depth of the water pipes, and the distance from the pipe level to the surface of the 
deck. In the future, studies should further investigate different concrete slabs with 
TABS in order to find a construction with good thermal performance and short 
response time. This work can be performed by both numerical simulation and 
experiment methods.  
Since the dynamic measurements take very long time to get the quasi-steady state, 
only three control strategies are tested in the dynamic measurements, which may be 
insufficient. Even for one typical condition, different control strategies should be 
tested. So the results can be compared, and the optimum control strategy can be 
found. But this way takes too much time. Alternatively, the building simulation 
would be helpful. However, the present building simulation tools do not have any 
accurate model to simulate the ventilation through the porous ceiling panel. The 
ventilation through the ceiling panel actually influences the temperature of the 
diffuse ceiling structure; thus the conduction through the ceiling panel is changed. 
Therefore, the further work should focus on the modeling of diffuse ceiling 
ventilation. An accurate model of the diffuse ceiling ventilation can better predict 
the room heat balance. Moreover, this modeling can be used to investigate the 
optimum control strategy under different climatic conditions and used to evaluate 
the applicability of the system in the design stage.  
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In the experiments, natural ventilation is just simulated by the air circulation 
between the cold and hot chambers, which cannot represent the real natural 
ventilation with varying wind speed and wind direction. Therefore, it is better to 
test this system with real natural ventilation in the demonstration project in the 
future. In this way, the effectiveness of the control strategies on the thermal 
performance of the system and the indoor thermal comfort can be further evaluated 
in the field measurements. Meanwhile, a design method of this system should be 
proposed for the future application. 
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Abstract 
EnergyPlus (EP) integrates a low temperature radiant system module to evaluate thermal 
performance of radiant systems such as thermally activated building systems (TABS), but the 
assumptions in this module neglect thermal resistance of the pipe and thermal resistance between 
the pipe exterior surface and the pipe level, which may result in the inaccurate evaluation of TABS 
in terms of surface temperature and surface heat flow. In this paper, in order to validate this 
module used in EP, steady and transient heat transfer processes of TABS in buildings were studied 
by analytical solution, two-dimensional numerical simulation and EP simulation. The comparison 
shows that the assumptions indeed result in a largely overestimated cooling and heating capacity 
of TABS. In order to improve this radiant module, a simple solution of introducing a no mass 
material layer with the neglected thermal resistances to both sides of the pipe level was proposed. 
With this method, the results of mean surface temperature and mean heat flow show good 
agreement with that from analytical solution as well as numerical simulation. Furthermore, the 
results of the simulation coupling the modified module with room systems show very small deviation 
from the results found in the literature. In addition, the application of the modified module in a 
hollow core concrete deck structure with TABS was investigated. 
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1 Introduction 
As one kind of typical high temperature cooling and low 
temperature heating systems, thermally activated building 
systems (TABS) have shown a trend of booming growth  
in Europe since the 1990s when they first appeared in 
Switzerland. In such systems water is used to transport energy 
which is a more efficient way compared to traditional 
air-based systems due to the higher heat capacity of water 
(Olesen 2008). This kind of system exchanges heat by 
radiation and convection. In general, radiant heat exchange 
accounts for more than 50% which is beneficial to improve 
the occupant thermal comfort (Olesen 2008). Furthermore, 
as a result of integrating thermal systems with building 
structures, such systems can utilize building thermal mass 
effectively and have the potential of saving energy con-
sumption and creating a more comfortable environment  
in buildings (Feustel and Stetiu 1995; Stetiu 1999). For the 
application of TABS in buildings, researchers and designers 
usually pay particular attention to thermal parameters  
like cooling/heating capacity of the system and surface 
temperature. However, thermal performance of TABS is 
largely dependent on building constructions, heat sources, 
control strategies, and so on, as a consequence a reliable 
evaluation tool is indispensable. 
During the fast development of TABS, there has been a 
substantial amount of research on the methods of solving 
the heat transfer process for the slab and evaluating the 
thermal environment for buildings with TABS, which can 
be classified as the following: 
(1) Using analytical solutions to solve the heat transfer 
process of concrete slab. The early analytical solution of 
the heat transfer of TABS was developed by Koschenz 
and Lehmann (2000). Applying the method of separation 
of variables to the heat conduction partial differential 
equation, de Monte (2000) analyzed the transient response 
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List of symbols 
d    thickness of concrete (m) 
dp   diameter of water pipe (m) 
da   width of air hollow (m) 
h   heat transfer coefficient (W/(m2·K)) 
n    index 
Cp   specific heat capacity (J/(kg·K)) 
P   pipe spacing (m) 
q    heat flow (W/m2) 
R   heat resistance ((m2·K)/W) 
T   temperature (℃) 
U   total heat transfer coefficient (W/(m2·K)) 
X, Y, F, W  conduction transfer functions 
M   order of conduction transfer functions 
EP   EnergyPlus 
TABS  thermally activated building systems 
α    thermal diffusivity of concrete (m2/s) 
λ   thermal conductivity (W/(m·K))  
δ   thickness of water pipe (m) 
ρ   density of concrete (kg/m3) 
Γ, Φ   auxiliary variable 
 
  
of one-dimensional multilayered composite conducting 
slabs to sudden variations of the temperature of the 
surrounding fluid. Sun and Wichman (2004) presented 
a theoretical solution to a problem of transient heat 
conduction in a one-dimensional three-layer composite 
slab. Using analytical expressions handling both 
conduction and convection phenomena, Simões and 
Tadeu (2006) studied the transient heat transfer across 
multilayer floors subjected to multiple heat sources. 
Laouadi (2004) addressed a two-dimensional semi- 
analytical model for radiant cooling and heating systems 
for integration in energy simulation software. Flores 
Larsen et al. (2010) introduced separation of variables, 
superposition method and orthogonal expansion 
techniques to develop the exact 2D transient solution of 
a slab with an embedded array of parallel circular pipes 
for heating and cooling, making a faster estimation of 
thermal variables. Obviously, analytical solutions are 
insufficient to evaluate the transient operation of TABS 
coupling with building systems, and are normally 
combined with building energy simulation tools. 
(2) Using numerical simulations to solve the heat transfer 
process of concrete slab. Different methods are used  
to discrete the heat conduction equation and boundary 
conditions. Jin et al. (2010) built a numerical model for the 
radiant floor cooling system using finite volume method 
(FVM) with composite grids, and the calculated floor 
surface temperature and the heat flux were in good 
agreement with the measured results. Meanwhile, it 
was concluded that the pipe had a certain effect on the 
system performance when the thermal conductivity of 
the pipe was low while the effect of water velocity on 
the system performance was not great. Holopainen et al. 
(2007) used an uneven nodal network in floor heating 
simulation with finite difference method (FDM), it was 
found that the total number of nodes could be reduced 
by placing the densest gridding in sections where the 
curvature of the temperature gradient was steepest. 
Koschenz and Dorer (1999) developed a model to study 
the transient two-dimensional heat flow for TABS, and 
finite element method (FEM) was adopted to validate 
the simulation results. FVM, FDM and FEM are reliable 
to evaluate surface temperature and heat flow as long as 
the boundary conditions are given. Nevertheless, due to 
the complex interaction between TABS and building 
systems, numerical methods are time-consuming and it 
is difficult to use them to predict the dynamic thermal 
performance of TABS in practical use for long-term 
evaluation.  
(3) Using building energy simulation tools to evaluate the 
thermal environment in buildings with TABS. To simulate 
the dynamic heat transfer process combining TABS 
with building systems, some simplified methods are 
integrated into the thermal model of energy simulation 
tools. Through the literature review, it is found that 
TRNSYS and EnergyPlus (EP) are two currently- 
prevalent simulation tools for modeling hydronic 
radiant systems, integrating different hydronic radiant 
modules respectively. Fort (2001) developed a special 
module to model the multidimensional heat transfer 
processes for a floor heating system and coupled it into 
TRNSYS. Strand and Pedersen (2002) implemented a 
low temperature radiant heating and cooling system 
model into the room heat balance in EP by applying the 
additional term for heat sources/sinks in the standard 
conduction transfer function. For the development and 
application of these two tools in buildings with TABS, 
Henze et al. (2008) investigated the relative energy  
and comfort merits of ventilation assisted TABS in 
continental climates compared to conventional all-air 
systems using a highly modified version of TRNSYS. 
Rijksen et al. (2010) adopted TRNSYS to calculate the 
reduced cooling load for TABS, and it was found that 
reductions up to 50% of the cooling capacity for a chiller 
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could be achieved using TABS. Olesen et al. (2002) 
performed a parametric study of different control 
concepts for TABS using TRNSYS. In an earlier study 
conducted by Chantrasrisalai et al. (2003), the low tem-
perature radiant system module in EP was experimentally 
validated by comparing measured data with simulation 
results for a residential house with radiant ceiling cooling. 
Actually in this validation, the comparison was con-
ducted by adjusting appropriate input parameters in EP 
continuously so as to find the optimal results, which 
means that the last parameters used in the modeling 
may be different from the experimental conditions. 
Thus, it is still difficult to judge the accuracy of the low 
temperature radiant system module in EP from this study. 
Tian and Love (2009) performed field measurements 
and EP simulation for a building with a multi-floor 
radiant slab cooling system to study the energy 
performance. The simulated temperature (including 
operative temperature, mean radiant temperature  
and mean air temperature) trends were similar to   
the measured values, and the difference between the 
interpolation of hourly weather values and the actual 
weather conditions rather than the radiant module in EP 
was considered as the reason for the deviation. Recently, 
Raftery et al. (2012) built an EP model to simulate   
the operation of an integrated HVAC system, which 
combined an underfloor air distribution system with 
TABS for cooling. They compared the performance of 
this system with both a typical overhead system and a 
typical UFAD system, and found the large energy saving 
potential of this system. Feng et al. (2013) investigated 
the impacts of the presence of an activated cooled surface 
on zone cooling loads for radiant and air systems using 
EP, and TABS was involved in this study. They mainly 
focused on the cooling load differences between the two 
systems by comparing the peaking zone cooling load 
and 24-h total cooling energy. From the literature review 
it can be found that the application of software to 
implement the energy simulation is more prevalent, and 
there are very few studies on the accuracy of simulation 
predictions for TABS using either TRNSYS or EP. 
In general, building energy simulation tools are more 
suitable for the long-term evaluation of radiant systems 
compared to other methods. However, as a commonly-used 
building energy simulation tool, in EP the assumptions  
for the low temperature radiant system module neglect the 
thermal resistance of the pipe and the thermal resistance 
between pipe exterior surface and pipe level (EnergyPlus 
2012). These two thermal resistances have significant 
influences on the thermal evaluation of radiant systems. 
Zhang et al. (2012) found that the pipe thermal resistance 
accounted for 4.95% of total heat resistance from water to 
room air under cooling condition and 6.29% of that under 
heating condition, while the thermal resistance between 
pipe exterior surface and pipe level took a proportion of 
21.4% under cooling condition and 27.1% under heating 
condition. When the thermal conductivity of the pipe used 
in a radiant floor cooling system was 0.22 W/(m·K), Jin et al. 
(2010) found that the predicted floor surface temperature 
with pipe was about 0.4℃ higher than that without pipe. 
These findings imply the assumptions in EP will result in 
inaccurate prediction for the thermal performance of TABS 
in practical use.  
So far, no research has focused on the assumptions for 
the low temperature radiant system module in EP. In this 
paper the radiant module used in EP is validated and 
modified with analytical solution and numerical simulation. 
The modification of hydronic radiant module using a 
simplified no-mass layer to represent the ignored thermal 
resistances is proposed, and it can be easily integrated  
into EP for the energy simulation of TABS. Meanwhile, the 
practicability of this modification is validated using results in 
the literature (Jin et al. 2010; Holopainen et al. 2007; Zhang 
et al. 2012). This modification of hydronic radiant module 
would be beneficial to improve the accuracy of evaluation 
for the thermal performance of TABS in buildings. 
2 Methodology  
2.1 Assumptions 
In practical application, the heat transfer process in the deck 
with TABS is three-dimensional heat transfer. In order to 
simplify the calculation process in this study, some reasonable 
assumptions are necessary as shown in the following: 
(1) It is assumed that the axial heat transfer along the pipe 
is ignored and the water temperature in the pipe is equal 
to the mean water temperature between supply water 
and return water, therefore the three-dimensional heat 
transfer in the deck can be simplified into the two- 
dimensional heat transfer. 
(2) It is assumed that the water temperature in the pipe 
cross section is uniform, therefore there is no influence 
of water temperature distribution inside the pipe. 
2.2 Physical model 
Due to the symmetry of the heat transfer between water 
pipes (Koschenz and Dorer 1999), in this study only one 
pipe distance of the deck structure is taken into account, 
and the evaluated domains are presented in Fig. 1 and Fig. 2 
for two different types of concrete deck structure. 
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Fig. 1 Homogenous concrete deck structure with TABS 
 
Fig. 2 Hollow core concrete deck structure with TABS 
Figure 1 shows the homogenous concrete deck structure 
with TABS, and this case is symmetrical both in x-direction 
and in y-direction as two sides of the deck have the same 
thermal parameters. This case is used to investigate the 
defect and the modification in the low temperature radiant 
system module in EP. Thermal properties of the concrete 
deck are listed as follows: λ=1.7 W/(m·K); ρ=2300 kg/m3; 
Cp=1000 J/(kg·K). 
Figure 2 shows the hollow core concrete deck structure 
with TABS. The air hollow in the middle reduces the weight 
of the deck as well as the thermal conductivity of construction 
above pipes, which is more beneficial for ceiling cooling or 
heating. This case is used to illustrate the accuracy of the 
modified module in EP in practical use. The thermal pro-
perties of the concrete are listed as follows: λ=1.8 W/(m·K); 
ρ=2300 kg/m3; Cp=1000 J/(kg·K). 
2.3 Analytical solution 
For the homogenous slab in Fig. 1, once the boundary con-
ditions as water temperature, surface heat transfer coefficients 
and surrounding air temperature are given, two-dimensional 
steady-state temperature distribution can be solved by the 
following equations (Koschenz and Lehmann 2000): 
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(6) 
The heat flow for both sides of the slab can be determined 
by the following formulas (Koschenz and Dorer 1999): 
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Equations (7) and (8) can be represented by a network 
of thermal resistances in a star arrangement as shown in 
Fig. 3. The additional temperature Tpl for the central point 
of the star network is pipe level temperature, which equals 
the mean temperature in the pipe plane. In fact, the pipe 
level is a virtual layer with even temperature distribution  
in the centerline of pipes in the slab (Koschenz and Dorer 
1999), and the Rx in Fig. 3 is the thermal resistance from 
the pipe exterior surface to the pipe level. 
Thermal resistances in Fig. 3 can be described as follows: 
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The summation term in Eq. (12) is an adaption to the 
boundary conditions when solving the differential equations, 
and if 1 / 0.3d P > , 2 / 0.3d P > , and P / 0.2d P < , in the 
practical application this summation term can be negligible. 
Thus, Eq. (12) can be simplified as 
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Fig. 3 Star-type network of thermal resistances 
Equation (13) reveals that the thermal resistance Rx 
depends only on the geometric parameters as the pipe 
diameter, dp and the distance between pipes, P, and the 
thermal conductivity of the slab material. 
2.4 Two-dimensional numerical simulation 
In this study, due to the simplification from three-dimensional 
heat transfer to two-dimensional heat transfer, only the heat 
conduction problem in the slab is considered. The two- 
dimensional heat transfer in the slab is governed by the 
following equations: 
The transient-state solution is 
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3 ,T T=  at pipe surface                          (19) 
The initial condition for transient-state solution is 
i , 0T T t= =                                  (20) 
For the hollow core concrete deck structure in Fig. 2, 
there is a large cavity filled with air in the middle of deck. 
As a result of the air with low thermal conductivity and low 
heat capacity, no heat transfer is taken into account in the 
hollow core and the boundary of this hollow core is treated 
as adiabatic.  
The surface average temperature and average heat flow 
are calculated by Eqs. (21) and (22). 
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2.5 EnergyPlus simulation 
2.5.1 Low temperature radiant system module in EnergyPlus 
In EP there is a low temperature radiant system model for 
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evaluation of radiant systems such as TABS. To couple the 
radiant system, the conduction transfer function method 
basically used in EP for modeling transient conduction is 
extended to involve the embedded heat sources or sinks. 
Strand and Pedersen (1994) and Strand (1995) introduced 
the additional term for heat sources or sinks in the standard 
conduction transfer function as shown in the following 
equation:  
i, , i , 1 , o, 1
1 1
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1 1
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t k m t m k m t m
m m
k M
m t m m t m
m m
q X T Y T
F q W q
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= =
= -
+ +
å å
å å                 (23) 
where qi,t is the current heat flow at the inside of the building 
element, subscript o signifies the outside of the building 
element, qsource is the heat source or sink, k is the order of the 
conduction transfer functions, M is a finite number defined 
by the order of the conduction transfer functions, and X,Y, 
F and W are the conduction transfer functions. 
Based on Eq. (23) the low-temperature radiant system 
can be treated as any other surface and fully integrated into 
the heat balance solution in EP, in this way the radiant system 
is coupled with the building system successfully. 
For a given radiant system, usually the water inlet tem-
perature and the water mass flow rate are known; however, 
the heat transferred between the building element and the 
water loop must be calculated. This heat transferred is 
significant for the heat balance equations to calculate the 
heat flow from the element to the building environment.  
In EP, the overall water/slab system is considered as a heat 
exchanger, and the ε-NTU method is used for the heat 
transfer analysis (EnergyPlus 2012). 
However, several assumptions are incorporated into the 
heat exchanger analysis (EnergyPlus 2012). The most interes-
ting assumption is that the temperature at the interior surface 
of water pipe is assumed to be equal to the temperature at the 
source location, which means the temperature at the interior 
surface of water pipe is directly given to the temperature at 
the pipe level. Therefore the thermal resistances Rx and Rp 
are ignored, resulting in inaccurate results. 
2.5.2 Modification in low temperature radiant system module 
In order to get more reliable evaluation, it is necessary to 
include the thermal resistances Rx and Rp in the modeling 
of low temperature radiant system in EP. A simple method 
is to add material layers with the present thermal resistances 
Rx and Rp yet without any thermal mass, which can be 
achieved using the element called Material: Nomass in  
the modeling. Actually, layer with this kind of material is a 
fictitious layer without thickness and thermal mass, and only 
the definition of thermal resistance is needed. Since both Rx 
and Rp depend only on the geometry parameters and thermal 
properties of material, this method would be suitable for 
both steady and transient heat transfer process. 
The modification of thermal network using this method 
is illustrated in Fig. 4. The temperature of pipe interior 
surface is equal to the pipe level temperature, and thermal 
resistances Rx and Rp are located at both sides of the pipe 
level represented by two fictitious no mass layers. Further, 
it should be noticed that these two fictitious layers must be 
used carefully and put close to the pipe level, otherwise the 
thermal mass of concrete deck may be changed. Therefore, 
instead of adopting star-type connection between water 
pipe to deck surface as shown in Fig. 3, a direct connection 
between water pipe and deck surface as shown in Fig. 4 is 
supposed to have the similar effect.  
Two no mass layers with the thermal resistance (Rx+Rp) 
will be inserted into the building construction in EP. If 
1 / 0.3d P > , 2 / 0.3d P > , and P / 0.2d P < , Eq. (13) is used 
to calculate thermal resistance Rx, and the conditions here can 
be easily ensured in practical use. As the area of water pipe is 
always smaller than the area of deck surface, the calculation 
of pipe thermal resistance Rp needs to consider the ratio of 
heat exchange area and can be described in Eq. (24). 
p p pπ
P δR
d
⋅
⋅ ⋅=                                   (24) 
 
Fig. 4 Modified resistance network 
3 Results  
In this study, analytical solution and numerical simulation 
were conducted to validate and modify the original low 
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temperature radiant system module in EP. The homogenous 
concrete deck structure with TABS was selected to the 
work of validation and modification under steady-state and 
transient-state conditions. To illustrate the applicability of 
the modified module, results obtained using the original 
and new modules were compared with the results from the 
literature (Jin et al. 2010; Holopainen et al. 2007; Zhang et 
al. 2012). Based on the previous analysis, the application  
of the modified module in a hollow core deck with TABS 
was investigated. 
3.1 Steady-state comparison 
The comparison is first performed for the homogenous 
concrete deck structure with TABS under steady-state con-
dition, and Fig. 5 shows the mesh for numerical simulation. 
Pipe structure is not considered in this section because the 
analytical solution does not involve an expression for the 
pipe thermal resistance. 
In EP simulation, the modeling consists of two spaces 
and one deck with TABS separating the two spaces. Specified 
temperature conditions are to be ensured in these two spaces 
by using user-defined weather file and large ventilation, and 
the total heat transfer coefficient is defined for both sides of 
the deck. In order to simulate TABS with constant mean 
water temperature, large water mass flow rate in pipes is 
given. In other words, the water supply system has a huge 
capacity so that the water temperature variation along the 
pipe circuit is extremely small. In this way, the inlet and 
outlet water temperatures are considered as nearly identical, 
and the constant mean water temperature can be ensured. 
The thermal resistance Rx calculated in the modified 
module is 0.044 (m2·K)/W.  
Figures 6 and 7 depict the temperature distribution   
of deck by numerical simulation and analytical solution, 
respectively. Due to the symmetric conditions defined in the  
 
Fig. 5 Numerical model meshing of homogenous deck 
 
Fig. 6 Temperature distribution of numerical simulation for 
homogenous deck 
 
Fig. 7 Temperature distribution of analytical solution for 
homogenous deck 
model, temperature distribution in these two figures shows 
very good symmetrical characteristic both in x-direction and 
in y-direction. From Fig. 6 and Fig. 7, it can be seen that the 
temperature distribution results of numerical simulation 
and analytical solution have the same pattern and the 
identical isothermal band. Figure 8 shows the temperature 
distribution between one pipe distance on the upper surface 
of the deck by analytical solution and numerical simulation, 
and it is found that the temperature distributions have very 
small difference. From Fig. 6 to Fig. 8, it can be concluded 
that analytical solution and numerical simulation have the 
same accuracy for this system. 
The average heat flow and average temperature of the 
upper surface obtained from different methods are presented 
in Table 1. Taking the results of analytical solution as the 
benchmark, the figures in Table 1 indicate that the results 
of numerical simulation and modified EP simulation show  
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Fig. 8 Upper surface temperature distributions calculated by 
analytical solution and numerical simulation 
Table 1 Average heat flow and average temperature of the slab 
upper surface 
Analytical 
solution 
Numerical 
simulation 
Original EP 
simulation 
Modified EP 
simulation
 Benchmark Value Error Value Error Value Error
Average surface 
temperature (℃) 20.62 20.60 0.02 19.44 1.18 20.61 0.01
Average heat  
flow (W/m2) 26.21 26.32 0.5% 38.87 48.3% 26.05 0.6%
 
very good agreement with that of the analytical solution. 
The average surface temperatures from numerical simulation 
and modified EP simulation only have an error within   
0.02℃, while that from original EP simulation has an error 
of 1.18℃. The average heat flows from numerical simulation 
and modified EP simulation have an error within 0.6%, but 
that from original EP simulation has an error of 48.3%. The 
large deviation means that the original radiant system module 
in EP overestimates the cooling capacity of TABS, while the 
modified module significantly improves the accuracy. 
3.2 Transient-state comparison 
The results of steady-state comparison show that the pro-
posed modification of the original EP module gives more 
accurate prediction of thermal performance for the system. 
However, this modification also needs to be checked for 
transient calculations, since the building is always under 
dynamic conditions. Only numerical simulation and EP 
simulation are performed and compared under transient- 
state conditions, because numerical simulation is enough 
accurate as described in Section 3.1 and can be taken as the 
benchmark for the comparison. The dynamic comparison is 
carried out when the slab cooling is in operation constantly 
during 24 hours of a day, but the air temperature of two 
sides of the slab is given a sine pattern as shown in Eq. (25) 
and in Fig. 9. 
1 2
2 π 3.0 π23.0 3.0 sin
24 2
tT T ⋅ ⋅ ⋅= = + ⋅ +( )           (25) 
where t is the operation time during each day, and the unit 
is hour. 
Figures 10 and 11 illustrate the results of surface tem-
perature and heat flow predicted by numerical simulation 
and EP simulation under transient-state conditions. It can 
be seen that the original radiant module in EP significantly 
overestimates the cooling capacity of the system, resulting in 
the lower surface temperature and higher surface heat flow 
during the whole day. Taking the numerical simulation as 
the benchmark, the maximum surface temperature error of 
original EP simulation reaches 1.2℃, while the absolute 
error of surface heat flow is 23.1% at the maximum heat 
flow and 320.1% at the minimum heat flow. In contrast,  
the results of modified EP simulation show very good 
agreement with the numerical simulation results. Therefore, 
the modified module is enough accurate when evaluating 
the transient heat transfer process for TABS in buildings. 
 
Fig. 9 Dynamic temperature pattern 
 
Fig. 10 Surface temperature of numerical simulation and EP 
simulation 
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Fig. 11 Surface heat flow of numerical simulation and EP simulation 
3.3 Validation of modified radiant module in EnergyPlus 
For the practical use of TABS, experiment and simulation 
are performed for radiant floor in literature (Jin et al. 2010; 
Holopainen et al. 2007; Zhang et al. 2012). The construction 
used in the literature is multilayer floor structure, consisting 
of several different layers as shown in Table 2. In this 
section, original and modified models are compared with 
the actual cases so as to further verify the practicability of 
the modified radiant system module in EP. 
The steady-state experiment conducted by Jin et al. (2010) 
tested 8 working conditions with different supply water 
temperature and return water temperature, and Table 3 shows 
the comparison of the results measured by experiments 
and simulated by EP. The calculated thermal resistance Rx 
and Rp in the modified module are 0.016 (m2·K)/W and 
0.022 (m2·K)/W respectively. The absolute error of surface 
heat flow between experiments and original EP simulation is 
within 15%–25%, while the modified EP simulation decreases 
this error to be lower than 12%. The error of average surface 
temperature between experiments and original EP simulation 
is larger than 0.9℃ under most conditions, while that of the 
modified EP simulation is within 0.7℃. 
Holopainen et al. (2007) performed floor heating simula-
tion using uneven nodal network, and Table 4 shows the 
comparison of EP simulation with the results in the reference. 
The calculated thermal resistance Rx in the modified module 
is 0.049 (m2·K)/W. The error of mean surface temperature 
and total heat flow for both modified and original EP 
simulation results are within 0.6℃ and 10% respectively. 
The errors of these two results are close to each other, 
which may be attributed to the low proportion of thermal 
resistance Rx in this case. 
Zhang et al. (2012) developed a simplified calculation 
method for radiant floor heating/cooling. The radiant  
floor structures studied in this reference were similar as 
(Holopainen et al. 2007; Jin et al. 2010), and Table 5 shows 
the comparison of the EP simulation with the results in the 
reference. The errors of mean surface temperature and 
total heat flow for original EP simulation are larger than  
0.5℃ and 10% respectively under most conditions, especially 
for large pipe distance cases. While the results of modified 
EP simulation are very close to that in the reference, the 
error of mean surface temperature and total heat flow are 
within 0.2℃ and 3% respectively. 
3.4 Application of modified module to hollow core deck 
with TABS 
In practical use, TABS are probably used in concrete deck 
with hollow core in the middle, as the deck structure shown 
in Fig. 2. This study will show the application of the modified 
module in EP to this kind of construction. Both cooling and 
heating conditions are considered, transient-state calculation 
is conducted with the same surrounding air temperature 
used in 3.2 and different total heat transfer coefficients are 
taken into account. The calculated thermal resistance Rx and 
Rp are 0.012 (m2·K)/W and 0.022 (m2·K)/W respectively. 
Figure 12 shows the mesh for numerical simulation, and 
Table 6 presents the heat flow and surface temperature of the 
bottom surface by numerical simulation and EP simulation. 
The total heat flow is an integration of heat transferred 
from the surface to the air during 24 hours representing the 
cooling/heating capacity of TABS during a whole day.  
Table 2 Parameters of radiant construction in literature 
(Jin et al. 2010) (Holopainen et al. 2007) (Zhang et al. 2012) 
 
Thermal conductivity  
(W/(m·K)) 
Thickness 
(mm) 
Thermal conductivity 
(W/(m·K)) 
Thickness 
(mm) 
Thermal conductivity 
(W/(m·K)) 
Thickness 
(mm) 
Surface layer 0.14 10 0.14 15 3.84 25 
Moisture proofing layer 0.03 1 0.005 2 — — 
Cement mortar layer 0.93 10 — — 0.93 25 
Concrete layer 1.28 40 1.7 80 1.84 70 
Water pipe 0.22 2 — 2 0.4 2 
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Table 3 Comparison of EP simulation with experiment results in (Jin et al. 2010) 
Condition 1 Condition 2 
 
(Jin et al.  
2010) Original EP Error Modified EP Error
(Jin et al. 
2010) Original EP Error Modified EP Error
AUST AUST (℃) 28.3 28.3 — 28.3 — 28.6 28.6 — 28.6 — 
Air temperature (℃) 27.2 27.2 — 27.2 — 27.5 27.5 — 27.5 — 
Mean water temperature (℃) 10.8 10.8 — 10.8 — 11.9 11.9 — 11.9 — 
Mean surface temperature (℃) 20.7 19.6 1.1 21.3 0.6 21.2 19.7 1.5 21.9 0.7 
Total heat flow (W/m2) 51.6 59.7 15.7% 46.9 9.1% 50.2 62.7 24.9% 44.6 11.2%
Condition 3 Condition 4 
 
(Jin et al.  
2010) Original EP Error Modified EP Error
(Jin et al. 
2010) Original EP Error Modified EP Error
AUST AUST (℃) 28.5 28.5 — 28.5 — 26.7 26.7 — 26.7 — 
Air temperature (℃) 27.4 27.4 — 27.4 — 25.7 25.7 — 25.7 — 
Mean water temperature (℃) 13.8 13.8 — 13.8 — 13.8 13.8 — 13.8 — 
Mean surface temperature (℃) 21.9 20.6 1.3 22.5 0.6 21.1 20.1 1.0 21.4 0.3 
Total heat flow (W/m2) 44.0 54.7 24.3% 39.0 11.4% 36.3 42.4 16.8% 34.2 5.8%
Condition 5 Condition 6 
 
(Jin et al.  
2010) Original EP Error Modified EP Error
(Jin et al. 
2010) Original EP Error Modified EP Error
AUST AUST (℃) 27.5 27.5 — 27.5 — 25.7 27.5 — 27.5 — 
Air temperature (℃) 26.4 26.4 — 26.4 — 24.7 26.4 — 26.4 — 
Mean water temperature (℃) 15.8 15.8 — 15.8 — 16.8 16.8 — 16.8 — 
Mean surface temperature (℃) 22.4 21.5 0.9 22.6 0.2 21.8 20.9 0.9 21.9 0.1 
Total heat flow (W/m2) 32.5 38.5 18.5% 30.6 5.8% 23.8 27.7 16.4% 23.0 3.4%
Condition 7 Condition 8 
 
(Jin et al.  
2010) Original EP Error Modified EP Error
(Jin et al. 
2010) Original EP Error Modified EP Error
AUST AUST (℃) 26.2 26.2 — 26.2 — 26.7 26.7 — 26.7 — 
Air temperature (℃) 25.3 25.3 — 25.3 — 25.8 25.8 — 25.8 — 
Mean water temperature (℃) 18.2 18.2 — 18.2 — 20.2 20.2 — 20.2 — 
Mean surface temperature (℃) 22.7 21.8 0.9 22.8 0.1 23.8 23.2 0.6 23.9 0.1 
Total heat flow (W/m2) 20.8 24.6 18.3% 20.4 1.9% 17.0 20.0 17.6% 16.5 2.9%
Table 4 Comparison of EP simulation with simulation results in (Holopainen et al. 2007) 
 (Holopainen et al. 2007) Original EP Error Modified EP Error 
Operative temperature (℃) 21.0 21.0 — 21.0 — 
Total heat transfer coefficient (W/(m2·K)) 10.6 10.6 — 10.6 — 
Mean water temperature (℃) 40.0 40.0 — 40.0 — 
Mean surface temperature (℃) 26.1 26.7 0.6 26.5 0.4 
Total heat flow (W/m2) 54.2 58.8 8.5% 57.7 6.5% 
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Table 5 Comparison of EP simulation with simulation results in (Zhang et al. 2012) 
Condition 1 (P=300 mm) Condition 2 (P =300 mm) 
 
(Zhang et 
al. 2012) Original EP Error Modified EP Error
(Zhang et al. 
2012) Original EP Error Modified EP Error
AUST AUST (℃) 20 20 — 20 — 20 20 — 20 — 
Air temperature (℃) 20 20 — 20 — 20 20 — 20 — 
Mean water temperature (℃) 35 35 — 35 — 32.5 32.5 — 32.5 — 
Mean surface temperature (℃) 25.4 27.3 1.9 25.5 0.1 24.5 26.1 1.6 24.5 0 
Total heat flow (W/m2) 59.4 80.3 35.2% 60.3 1.5% 49.5 67 35.4% 50.2 1.4%
Condition 3 (P =150 mm) Condition 4 (P =150 mm) 
 
(Zhang et 
al. 2012) Original EP Error Modified EP Error
(Zhang et al. 
2012) Original EP Error Modified EP Error
AUST AUST (Ԩ) 20 20 — 20 — 20 20 — 20 — 
Air temperature (Ԩ) 20 20 — 20 — 20 20 — 20 — 
Mean water temperature (Ԩ) 35 35 — 35 — 32.5 32.5 — 32.5 — 
Mean surface temperature (Ԩ) 27.7 28.9 1.2 27.9 0.2 26.4 27.4 1.0 26.5 0.1 
Total heat flow (W/m2) 84.7 98.2 15.9% 86.7 2.4% 70.4 81.8 16.2% 72.3 2.7%
Condition 5 (P =300 mm) Condition 6 (P =300 mm) 
 
(Zhang et 
al. 2012) Original EP Error Modified EP Error
(Zhang et al. 
2012) Original EP Error Modified EP Error
AUST AUST (℃) 28 28 — 28 — 28 28 — 28 — 
Air temperature (℃) 26 26 — 26 — 26 26 — 26 — 
Mean water temperature (℃) 16.5 16.5 — 16.5 — 19.5 19.5 — 19.5 — 
Mean surface temperature (℃) 22.3 21 1.3 22.4 0.1 23.7 22.8 0.9 23.8 0.1 
Total heat flow (W/m2) 37.8 46.8 23.8% 37.1 1.9% 28 34.3 22.5% 27.2 2.9%
Condition 7 (P =150 mm) Condition 8 (P =150 mm) 
 
(Zhang et 
al. 2012) Original EP Error Modified EP Error
(Zhang et al. 
2012) Original EP Error Modified EP Error
AUST AUST (℃) 28 28 — 28 — 28 28 — 28 — 
Air temperature (℃) 26 26 — 26 — 26 26 — 26 — 
Mean water temperature (℃) 16.5 16.5 — 16.5 — 19.5 19.5 — 19.5 — 
Mean surface temperature (℃) 20.5 19.9 0.6 20.6 0.1 22.5 22 0.5 22.5 0 
Total heat flow (W/m2) 50.4 54.6 8.3% 49.7 1.4% 36.4 40 9.9% 36.4 0 
Table 6 Heat transferred from the bottom of the deck  
Heat flow (Wh/m2) Minimum and maximum surface temperature (℃) 
Mean water 
temperature 
(℃) 
Total heat transfer 
coefficient 
(W/(m2·K)) 
Numerical 
simulation 
Original 
EP Error 
Modified 
EP Error
Numerical 
simulation Original EP Error 
Modified 
EP Error
4 502.65 602.8 19.9% 487.3 3.1% 17.3–18.3 16.4–17.0 0.9–1.3 17.2–18.6 0.1–0.3
8 825.5 1093.5 32.5% 764.8 7.4% 17.8–19.6 16.8–17.9 1.0–1.7 17.8–20.2 0–0.6
12 1056.0 1500.8 42.1% 943.9 10.6% 18.1–20.5 17.0–18.5 1.1–2.0 18.2–21.2 0.1–0.7
16 1229.3 1844.1 50.0% 1069.1 13.0% 18.4–21.2 17.3–19.1 1.1–2.1 18.5–21.9 0.1–0.7
16 
20 1364.7 2137.6 56.6% 1161.5 14.9% 18.6–21.8 17.5–19.6 1.1–2.2 18.7–22.4 0.1–0.6
4 861.4 1034.6 20.1% 836.3 2.9% 31.5–32.5 33.5–34.1 2.0–1.6 31.0–32.4 0.5–0.1
8 1415.0 1877.4 32.7% 1312.7 7.2% 29.5–31.3 32.2–33.3 2.7–2.0 28.7–31.0 0.8–0.3
12 1810.0 2577.3 42.4% 1620.4 10.5% 28.1–30.5 31.2–32.7 3.1–2.2 27.1–30.1 1.0–0.4
16 2107.2 3167.8 50.3% 1835.5 12.9% 27.1–29.9 30.3–32.2 3.2–2.3 26.1–29.5 1.0–0.4
35 
20 2339.1 3672.6 57.0% 1994.4 14.7% 26.3–29.5 29.6–31.7 3.3–2.2 25.3–29.0 1.0–0.5
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Fig. 12 Numerical model meshing of hollow core deck 
Taking the results of numerical simulation as the 
benchmark, it can be seen that the error of heat flow for 
original EP simulation is higher than 20% for all cases, while 
that of modified simulation is within 15%. Normally, total 
heat transfer coefficients are approximately 11 W/(m2·K) 
and 6 W/(m2·K) (Olesen et al. 2000) for radiant ceiling 
cooling and heating respectively, which corresponds to an 
error within 10% for modified simulation under both cooling 
and heating conditions. The error of surface temperature for 
original EP simulation is always larger than 1.0℃, while that 
of the modified module is lower than 0.7℃ under cooling 
conditions and is within 1.0℃ under heating conditions. 
The results of modified module are obviously better than 
that of the original module, thus, it is recommended to use 
the modified module in the evaluation of TABS cooling 
and heating in buildings with hollow core concrete deck.  
4 Conclusions 
TABS are widely-used for radiant cooling and heating   
in buildings. Due to the dynamic thermal performance   
of TABS coupling with building systems, an accurate and 
reliable evaluation tool is indispensable for this kind of 
radiant system. 
This paper validated the low temperature radiant system 
module in EP, and proposed a simple solution for the 
modification of this module so as to improve the accuracy 
when evaluating the thermal performance of TABS in 
buildings. The following conclusions are obtained: 
(1) The validation of the low temperature radiant system 
module in EP shows that the original radiant module 
significantly overestimates the cooling/heating capacity 
of the radiant system due to the assumption of ignoring 
the thermal resistance of the pipe and the thermal 
resistance between pipe exterior surface and pipe level. 
(2) A simple method of introducing a no mass layer with 
the ignored thermal resistances at both sides of pipe level 
was proposed, and the results of the modified radiant 
module in EP shows very good agreement with other 
solutions and results available in literature.  
(3) It is recommended to use the modified radiant module 
to evaluate the thermal performance of hollow core 
concrete deck structure with TABS for radiant heating 
and cooling. 
This paper primarily emphasizes the careful utilization 
of the current version of EP to model TABS, and the 
proposed simple method is one way which can be easily 
implemented now to ensure results with enough accuracy. 
But the deficiency is that this method needs the users    
to calculate these two thermal resistances every time by 
themselves, which is inconvenient in the energy simulation. 
Thus, the best way is to modify the source code of the low 
temperature radiant model in the new version of EP with 
the consideration of Rx and Rp in future. Generally speaking, 
the work of validation and modification in this paper would 
be beneficial to the later development of radiant system 
module in EP. 
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ABSTRACT 
Thermally activated building systems (TABS) have been an energy efficient way to 
improve the indoor thermal comfort. Due to the complicated structure, heat transfer 
prediction for a hollow core concrete used for TABS is difficult. This paper proposes a 
simplified method using equivalent thermal resistance for the stationary heat transfer of 
this kind of system. Numerical simulations are carried out to validate this method, and 
this method shows very small deviations from the numerical simulations. Meanwhile, this 
method is used to investigate the influence of the thickness of insulation on the heat 
transfer. The insulation with a thickness of more than 0.06 m can keep over 95 % of the 
heat transferred from the lower surface, which is beneficial to the radiant ceiling cooling. 
Finally, this method is extended to involve the effect of the pipe, and the numerical 
comparison results show that this method can accurately predict the effect of the pipe. 
 
KEYWORDS 
Thermally activated building systems (TABS), Hollow core slab, Equivalent thermal 
resistance, Simplified method, Radiant cooling 
 
INTRODUCTION 
TABS are beneficial to optimize the energy use and ensure good indoor thermal 
environment. In practical application, hollow core concrete slabs presented in Figure 1 
are probably used with TABS. For this kind of system, the heat transfer process is more 
complicated compared to the commonly-used homogeneous concrete slab. Meanwhile, 
the predictions of surface heat flow and surface temperature are crucial for the evaluation 
of cooling/heating capacity and condensation risk. Therefore, an accurate evaluation 
method for this system is indispensable. 
 
In the past years, several studies have focused on the heat transfer of hollow core 
concrete slabs. Sodha et al. (1980) and Sodha et al. (1981) conducted theoretical studies 
to investigate the thermal performance of the hollow concrete slab. Another similar 
theoretical study can be found in (Gandhidasan and Ramamurthy 1985). All of them were 
carried out through solving the one-dimensional heat conduction equation using the 
corresponding boundary conditions at the interfaces. However, in their studies the air 
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cavity was considered as a regular and uniform layer, thus thermal behaviors within the 
hollow core concrete element as presented in Figure 1 could not be sufficiently predicted 
in their models. Zhang and Wachenfeldt (2009) presented finite element analyses using 
COMSOL to study the heat transfer and the heat storing capacity of concrete elements 
with air cavities.  For a hollow core slab element similar as that in Figure 1, Pomianowski 
et al. (2011) investigated various heat transfer mechanisms within the air void in the slab 
and validated the simplified model used in the whole building simulation tool-BSim 
(Wittchen et al. 2011). One-dimensional model using the equivalent thermal conductivity 
was involved in their studies, but no activated pipes were considered. The early analytical 
solution for the heat transfer of a uniform layer with activated water pipes was presented 
by Koschenz and Lehmann (2000), which is only suitable for the homogeneous elements. 
 
This study will focus on the simplification of the hollow core into a homogeneous layer 
using the equivalent thermal resistance. Based on the analytical solution for the 
homogeneous element by Koschenz and Lehmann (2000), this simplified method is 
capable of involving the effect of hollow core and the effect of pipe, and predicting the 
uneven temperature and heat flow distributions of the slab surfaces. 
 
PHYSICAL MODEL 
The original geometry of the hollow core concrete slab is shown in Figure 1. The core in 
the middle is an irregular circle with the maximum height of 0.13 m and maximum width 
of 0.117 m. The water pipes are located at the depth of 0.014 m to the lower surface of 
the slab, with a diameter of 0.02 m, a pipe thickness of 0.002 m and a pipe distance of 
0.157 m. The water pipes are very close to the lower surface, resulting in a faster thermal 
response.  
 
 
Figure 1. Geometry of hollow core concrete slab with embedded water pipes 
 
Thermal properties of the concrete are listed as follows: thermal conductivity λ=1.8 W/(m 
K), density ρ=2300 kg/m3, specific heat capacity Cp=1000 J/(kg K). Thermal properties 
of the pipe are listed as follows: λ=0.5 W/(m K), ρ=1000 kg/m3, Cp=800 J/(kg K). Due to 
the symmetrical heat transfer in the slab, only one unit as shown in the magenta rectangle 
in Figure 1 is investigated. In this study, this system is only considered for the radiant 
ceiling cooling. 
 
EQUIVALENT SIMPLICATION OF HOLLOW CORE CONCRETE SLAB  
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Heat transfer of hollow core concrete slab is three-dimensional and complicated. To 
simplify the calculation, some equivalent methods are used.  In BSim (Wittchen et al. 
2011), the concrete layer with air voids is corrected by virtual values of thermal 
conductivity and density, as shown in Figure 2. The corrected properties of this layer can 
be calculated as the following equations: 
 
                     
    
 
                                                                                         (1) 
                     
    
 
                                                                                         (2) 
                                                                                                                    (3) 
 
                                    
Figure 2. Equivalent simplification of hollow core concrete slab in BSim 
 
According to the simplification in BSim, the hollow core structure in Figure 1 can be 
transformed into a three-layer construction as depicted in Figure 3. 
 
 
Figure 3. Simplification of the concrete slab studied 
 
Equivalent 
simplification 
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                     Figure 4. Schematic of equivalent homogenous slab structure 
 
Based on the equivalent thermal resistance method developed by Li et al. (2013), the 
multi-layer structure shown in Figure 3 can be transformed into a homogeneous single 
layer as shown in Figure 4 with the same thermal properties of the original layers. The 
dimensions are corrected as follows: 
 
            
         
          
                                                                                     (4) 
                                                                                                                             (5) 
 
It should be noted that this equivalent simplification only keeps the same thermal 
resistance of this multilayer structure, which means that it is valid for the steady-state 
calculation. For the transient-state calculation, further study should be carried out to 
determine the heat capacity or the density of the structure.  
 
For this kind of homogenous slab structure, the analytical solution was given by 
Koschenz et al. (2000). Therefore, analytical results for this simplification can be derived. 
To involve the influence of pipe on the heat transfer, this effect can be simulated as two 
layers with the specified thermal resistance. Therefore, Equations 4 and 5 can be changed 
as the follows: 
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RESULTS 
 
Validation of the simplified method 
In order to validate the simplified method, results from the simplified method and 
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numerical simulation are compared under steady-state conditions. The surrounding 
temperatures keep at 23 ℃, and the water temperature in the pipe is 16 ℃ for cooling. 
Heat transfer coefficients (HTCs) with a range of 4-20 W/(m2 K) are evaluated. 
 
Table 1 shows the average heat flow and average surface temperature for the studied slab 
using the simplified method and CFD simulation. The lower surface temperatures of the 
slab are very close using both methods, whereas the upper surface temperature by 
simplified method is a little bit lower than that from CFD simulation. Additionally, the 
differences of heat flow from both surfaces are within 5%. 
 
Table 1. Comparison of heat transfer using different methods 
 Simplified method CFD simulation 
HTCs 
 (W/(m
2
 K)) 
q1 
(W/m
2
) 
q2 
(W/m
2
) 
Ts1 
(℃) 
Ts2 
(℃) 
q1 
(W/m
2
) 
q2 
(W/m
2
) 
Ts1 
(℃) 
Ts2 
(℃) 
4 13.4 24.6 19.7 16.9 12.9 24.7 19.8 16.8 
8 17.1 44.7 20.9 17.4 16.3 44.9 21.0 17.4 
12 18.5 62.0 21.5 17.8 17.7 62.0 21.5 17.8 
16 19.1 77.2 21.8 18.2 18.4 77.0 21.9 18.2 
20 19.3 90.7 22.0 18.5 18.7 90.2 22.1 18.5 
 
Table 2 shows the maximum and minimum surface temperatures of the slab. It can be 
seen that the temperatures from both methods have a very small deviation. The simplified 
method has the uniform temperature for the upper surface, while the CFD simulation 
shows a temperature difference of 0.2 ℃ between the maximum and minimum 
temperatures on the upper surface. 
 
Table 2. Maximum and minimum surface temperatures for slab without insulation 
 Tmax/ Tmin (℃) 
 Simplified method CFD simulation Difference 
HTCs  
(W/(m
2
 K)) 
Ts1 Ts2 Ts1 Ts2 Ts1 Ts2 
4 19.6/19.6 17.3/16.0 19.9/19.7 17.2/16.1 0.3/0.1 0.1/0.1 
8 20.9/20.9 18.1/16.1 21.1/20.9 18.1/16.2 0.2/0 0/0.1 
12 21.5/21.5 18.7/16.2 21.6/21.4 18.7/16.2 0.1/0.1 0/0 
16 21.8/21.8 19.1/16.3 21.9/21.8 19.2/16.3 0.1/0 0.1/0 
20 22.0/22.0 19.5/16.3 22.2/22.0 19.6/16.4 0.2/0 0.1/0.1 
 
Figure 5 shows the surface temperature distributions along the pipe distance. Both 
methods give the nearly same distribution for the lower surface temperature, and the only 
difference is the upper surface temperature. The reason for this deviation is that the 
simplified method transforms all different layers into one homogenous layer, but the 
hollow core actually exists and influences the uneven heat transfer in the upper part of the 
slab. Due to the pipes are closer to the lower surface, the pipes have small impacts on the 
heat transfer at the upper surface. If other layers like the insulation are considered, this 
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impact would be neglected since the heat flow from the upper surface will be extremely 
low. 
 
 
Figure 5. Comparison of surface temperatures (h=8 W/(m
2
 K)) 
 
 
                      Figure 6. Proportion of heat flow from the lower surface 
 
Influence of the thickness of insulation 
In the practical application of radiant ceiling cooling, the upper side of the slab structure 
probably involves the insulation layer to reduce the heat flow from the water pipes to the 
upper zone. Based on the simplified method, the insulation layer can also be transformed 
into the homogenous slab structure. Thermal properties of the insulation used in this 
study are listed as follows: λ=0.04 W/(m K), ρ=400 kg/m3, Cp=400 J/(kg K). 
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In this section, the thickness of the insulation varies from 0 to 0.1 m, and the proportion 
of heat flow from the lower surface of slab is recorded. When the insulation layer is 
considered, equivalent calculation is carried out as given in Table 3. 
 
Table 3. Equivalent calculation considering the insulation layer 
Thickness of 
insulation (m) 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 
Equivalent d1 
(m) 
0.4 0.85 1.30 1.75 2.20 2.65 3.10 3.55 4.00 4.45 4.9 
 
Figure 6 depicts the proportion of heat flow from the lower surface of the slab under 
different HTCs. It can be seen that for the cooling ceiling with a heat transfer coefficient 
of 11.0 W/(m
2
 K), if the proportion of heat flow from the lower surface needs to be kept 
above 95%, the insulation with a thickness higher than 0.06 m is indispensable. 
 
Influence of the pipe 
To consider the effect of pipe, this simplified method is further investigated and 
compared to CFD simulations. Table 4 shows the results from both methods considering 
the effect of pipe. Comparing results in Table 4 with that in Table 1, the pipe has a certain 
effect on the total heat transfer of this kind of element. In Table 4 a deviation of the heat 
flow from the upper surface exists but the difference of heat flow from the lower surface 
is very small with an error lower than 5% for low HTCs. The surface temperature has an 
error of 0.2 ℃ on the upper surface and an error of 0.1-0.2 ℃ on the lower surface. 
Generally, the simplified method is capable of sufficiently predicting the influence of 
pipe. 
 
Table 4. Heat transfer considering the influence of pipe 
 Simplified method CFD simulation  
HTCs 
(W/(m
2
 K)) 
q1 
(W/m
2
) 
q2 
(W/m
2
) 
Ts1 
(℃) 
Ts2 
(℃) 
q1 
(W/m
2
) 
q2 
(W/m
2
) 
Ts1 
(℃) 
Ts2 
(℃) 
4 13.0 23.1 19.7 17.2 12.1 23.3 20.0 17.2 
8 16.6 39.9 20.9 18.0 14.8 40.9 21.2 17.9 
12 18.0 52.8 21.5 18.6 15.7 55.0 21.7 18.4 
16 18.7 63.1 21.8 19.1 16.0 66.8 22.0 18.8 
20 19.0 71.4 22.0 19.4 16.0 76.8 22.2 19.2 
 
CONCLUSIONS 
In this paper, a simplified method using the equivalent thermal resistance is proposed for 
the heat transfer predictions of the hollow core concrete slab with TABS. This method is 
capable of transforming layers with different thermal parameters into one homogeneous 
layer as well as involving the influence of pipe on the heat transfer of this kind of system. 
The method has the same accuracy as the CFD simulation under steady-state conditions. 
Due to the characteristics of accurate and fast, this method would be beneficial to the heat 
transfer evaluation of this kind of TABS. 
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a  b  s  t  r  a  c  t
As  a response  to  new  energy  policies  in  the  building  sector,  ofﬁce  buildings  have  become  well-insulated
and  highly-airtight,  resulting  in an  increasing  cooling  need  both  in  summer  and  in  winter.  In order  to
effectively  save  energy,  new  interests  in cooling  concepts  using  passive  cooling  technologies  and  renew-
able  energy  sources  have  risen.  Based  on a literature  review  of  natural  ventilation,  building  thermal  mass
activation  and diffuse  ceiling  ventilation,  this  paper  proposes  a  new  system  solution  combining  these
three  technologies  for  cooling  and  ventilation  in ofﬁce  buildings.  This  new  solution  has  the special  func-
tion  of using  natural  ventilation  all the  year  around  without  draught  risk,  even  in very  cold  seasons.  A
case  study  of  a typical  ofﬁce  room  using  this  solution  and  other  traditional  HVAC  systems  is carried  out
by energy  simulation.  The  results  show  that  there  is  a  large  energy  saving  potential  using  this  solution
compared  with  other  systems.  Energy  saving  potential  for cooling  occurs  in summer,  transitional  seasons
and part of  winter,  depending  on  the  internal  heat load  level.  Meanwhile,  due  to the  large  cooling  poten-
tial  of  outside  air in  winter,  the  minimum  ventilation  rate is sufﬁcient  for the  ventilation  and  cooling
requirements  compared  with  that  in other  seasons.
© 2015  Elsevier  B.V.  All  rights  reserved.
1. Introduction
With the increasing energy use, energy efﬁciency and energy
saving strategies have become priorities for energy policies in most
countries to reduce the energy depletion and CO2 emissions in the
building sector. In 2010, EU recast the Energy Performance of Build-
ings Directive (EPBD) [1] to promote the energy performance of
buildings in order to further reduce energy dependence and green-
house gas emissions. The objectives of EPBD are to reduce overall
greenhouse gas emissions by at least 20% below 1990 levels by 2020
and to ensure that 20% of the total energy requirements are from
renewable sources. According to the latest EU Energy Policy to 2050
[2], the emission reductions can reach up to 80–95% by 2050. In
Denmark, the initiatives in Energy Strategy 2050 [3] aim at becoming
an independent society and a green sustainable society with stable
energy supply from 2050. The strategy emphasizes that the min-
imum requirements for energy performance of buildings should
be set at cost-optimal levels. For new buildings, “low energy class
2015” has been deﬁned to become the minimum requirements for
∗ Corresponding author at: Southwest Jiaotong University, School of Mechanical
Engineering, Chengdu 610031, China. Tel.: +45 91263787; fax: +45 99408552.
E-mail address: ty@civil.aau.dk (T. Yu).
all new buildings in 2015. Besides, a new “low energy class 2020”
has being put forward to be the minimum requirements for all new
buildings in 2020, as a Danish deﬁnition of “nearly zero energy
buildings” [3].
In order to comply with the minimum requirements for the
energy performance of new buildings, constructions with low heat
transfer coefﬁcients (HTCs) are used and air permeation through
envelope is limited [4], resulting in well-insulated and air-tight
buildings. This approach is essentially beneﬁcial to decrease the
heating need, but it also leads to an increasing demand for cooling
in buildings both in summer and in winter. Besides, the widespread
application of largely glazed facade and the trend of higher heat
loads in ofﬁce buildings contribute to a continuous cooling need
during the occupied time of the whole year as well. Since the cool-
ing demand increases and traditional air conditioning systems have
a relatively high energy use, passive cooling is considered as the ﬁrst
choice at the design stage.
As a commonly used passive cooling technology, natural ven-
tilation has been an energy efﬁcient way to improve indoor
thermal environment in summer and transitional seasons. How-
ever, auxiliary mechanical ventilation with heat recovery system
is indispensable in winter in order to use cold outside air without
any draught risk, which conversely increases energy use and initial
investment. Recently, diffuse ceiling ventilation has shown very
http://dx.doi.org/10.1016/j.enbuild.2014.12.057
0378-7788/© 2015 Elsevier B.V. All rights reserved.
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Nomenclature
A construction area (m2)
ACH room air change rate (h−1)
Cdyn dynamic heat capacity of constructions [kJ/(m2 K)]
Cp speciﬁc heat capacity of constructions [J/(kg K)]
CpaaVa heat capacitance of room air (J/K)
CpppVp heat capacitance of plenum air (J/K)
d thickness of construction (m)
ha convective heat transfer coefﬁcient between inte-
rior surfaces of constructions in the lower room and
room air [W/(m2 K)]
hp convective heat transfer coefﬁcient between inte-
rior surfaces of constructions in the plenum and
plenum air [W/(m2 K)]
I speciﬁc enthalpy of air (J/kg)
m˙ mass ﬂow rate of ventilation air (kg/s)
Q˙h convective heat transfer between interior surfaces
of constructions and air (W)
Q˙vent heat ﬂow to/from ventilation system or inﬁltration
(W)
Q˙hs convective parts of heat sources to room air (W)
Q˙ceil heat ﬂow from the ceiling with TABS (W)
Q˙ceil-h convective part of heat ﬂow from the ceiling with
TABS (W)
Q˙store heat or cool energy stored in the concrete slab (J)
Q˙TABS heat ﬂow from water pipes to the concrete slab
induced by TABS (W)
Q˙up heat ﬂow from the upper side of slab to the upper
zone (W)
t temperature (◦C)
U total heat transfer coefﬁcient [W/(m2 K)]
Subscripts
a room air
p plenum air
e outside air
s interior surface of the construction
Greek symbols
  thermal conductivity [W/(m K)]
 density (kg/m3)
 time (s)
Abbreviations
TABS thermally activated building systems
HTCs heat transfer coefﬁcients
promising results in improving the thermal comfort with low tem-
perature air supply and without any draught risk [5,6]. Therefore,
if natural ventilation in winter is available with the employment of
diffuse ceiling inlet, the air ﬂow rate is reduced and electricity use
for air transport is eliminated. Moreover, when natural ventilation
is insufﬁcient to cool the building or heating is needed, thermally
activated building systems (TABS) can be used as the auxiliary sys-
tem for the supplementary heating and cooling. As the typical high
temperature cooling and low temperature heating systems, TABS
have a high potential of improving indoor thermal comfort and
optimizing the energy use [7,8]. Thus, if these three technologies
(natural ventilation, diffuse ceiling inlet, and TABS) are combined
in an independent system, there is a potential of fulﬁlling the needs
for cooling/heating and ventilation in ofﬁce buildings with high
thermal comfort all the year around at a very low energy use.
In this paper, the characteristics of natural ventilation, build-
ing thermal mass activation and diffuse ceiling ventilation are
presented in the literature review. Through the summary of advan-
tages of each technology, a new system solution combining these
three technologies is proposed for space conditioning in ofﬁce
buildings. Operation modes of the new system solution are illus-
trated according to the climatic conditions and the diurnal time.
Furthermore, the energy saving potential of this new system solu-
tion is investigated by comparison with different HVAC systems
used in typical ofﬁce buildings. Finally, some important issues that
need further studies are discussed.
2. Review of applied technologies
2.1. Review of natural ventilation
To cool buildings, mechanical cooling has been the ﬁrst choice
for many years, yet with a large energy use. However, in some
moderate climate regions mechanical cooling may  be avoided or
decreased in well-designed buildings through the use of shading
devices to reduce solar heat gains and natural ventilation to remove
heat gains. The effect of natural ventilation can be realized either
by direct cooling or by indirect night cooling [9–13]. Direct cool-
ing is to use the cool outside air to ventilate the indoor space and
reduce the room air temperature by convective cooling directly.
While indirect cooling is to cool the building structure by convec-
tion and store cool energy in the building thermal mass at night.
Consequently, the cooling need is depleted in the following day.
Both direct cooling and indirect night cooling are commonly used
in transitional seasons and summer seasons. Nevertheless, there
are very few studies on natural ventilation used in winter seasons,
since draught risk is inevitable. Literature reviews of natural venti-
lation with respect to fundamental principles, analysis and design
methods, ventilation models, simulation tools and inﬂuence fac-
tors have been given in many references [14–19]. In this paper,
the literature review will mainly focus on night ventilation, as the
technique combining night ventilation with building thermal mass
is prevalent in many low-energy buildings. Moreover, night ven-
tilation is particularly suitable for ofﬁce buildings since they are
usually not occupied during the night time.
If night ventilation is well designed, peak operative temper-
atures can be largely reduced in the following day with typical
reductions of 2–4 ◦C [11,20–24]. Night ventilation has also shown a
high potential of energy saving for cooling with typical reductions
of 30–50% [20,23–25]. A large number of studies have been carried
out to investigate the impact of different parameters on the effec-
tiveness of night ventilation. Normally, the effectiveness of night
ventilation highly depends on climatic conditions, heat gains, air
change rates, heat transfer coefﬁcients and building thermal mass.
The relative temperature difference between indoor and out-
door air temperature during night is the primary factor. Artmann
et al. [26] evaluated the passive cooling potential of buildings by
night ventilation through analyzing climatic data of 259 stations all
over Europe. They found a very high potential in northern Europe
and a signiﬁcant potential in Central, Eastern and even some regions
of Southern Europe. In some parts of Southern Europe such as
Spain, Italy and Greece, the cooling potential of night ventilation
was insufﬁcient so that hybrid cooling would be attractive [27].
The target of night ventilation is to remove heat gains in build-
ings. In ofﬁce buildings with a total internal heat gain of maximum
30–40 W/m2, mechanical cooling can be avoided with the help of
night ventilation [28–30]. For higher heat gains, mechanical cooling
is essential in peak summer periods.
Heat transfer to and from building thermal mass is often driven
by convection and radiation at the surface. The ventilation ﬂow rate
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Fig. 1. Hollow core concrete deck with integrated water pipes [44].
is a critical factor for this process and for the cooling potential of
night ventilation. Minimum air change rates of 4–6 ach are required
for effective night cooling, while air change rates above 10 ach do
not provide any further improvement [23,31,32].
To predict the performance of night ventilation, an accurate
determination of convective heat transfer coefﬁcients (HTCs) is
essential. Through a large amount of experimental studies, Alam-
dari et al. [33] and Khalifa et al. [34] developed correlations to
calculate the night ventilation HTCs which can be used in build-
ing thermal models. In addition, Artmann et al. [32] numerically
investigated the effect of HTCs on the cooling potential of night
ventilation in buildings. It was indicated that the effect of com-
bined (convective and radiant) HTCs at the internal surfaces was
relatively small compared with the other parameters, even if this
combined HTCs ranged from 5.9 to 10 W/(m2 K). Further increases
of HTCs did not signiﬁcantly improve the effectiveness of night
ventilation. However, heat transfer was more sensitive when the
combined HTCs were below about 4 W/(m2 K). Normally, the radi-
ant heat transfer coefﬁcient is approximately 5.5 W/(m2 K) [47], and
it is unpractical that the combined HTCs is below 4 W/(m2 K).
2.2. Review of building thermal mass activation
The ﬂuctuation of indoor air temperature and cooling/heating
demand peaks can be reduced by exploiting the thermal mass of
building constructions, where excessive heat gains are stored in
the building material and released at a later time [35,36]. In sum-
mer, excessive heat gains from solar radiation and internal loads
are stored in the building thermal mass to reduce peak cooling
loads, and are released during the night by night ventilation. In
winter, the same heat storage process can satisfy part of the heating
demand at night and avoid overheating during the high solar radia-
tion periods of the day [37]. In ofﬁce buildings, thermal mass can be
used passively or actively, either through combining thermal mass
with natural ventilation or as thermally activated building systems
(TABS).
Fig. 3. Schematic of the new system solution.
Passive utilization of thermal mass is typically combined with
night ventilation. Givoni [38] found that night ventilation had a
small effect on the maximum indoor temperature in low-mass
buildings but a signiﬁcant effect in high-mass buildings. Shaviv et al.
[39] found that in the hot humid climate of Israel with night venti-
lation rates of 2–20 ach, temperature reductions of 3–6 ◦C could be
achieved for a heavy thermal mass construction. While Finn et al.
[31] found that increasing the building mass from 800 kg/m2 to
1600 kg/m2 resulted in a temperature reduction of 2–3 ◦C for a night
ventilation rate of 10 ach. Numerical study conducted by Kalogirou
[40] showed that an increase of thermal mass reduced the zone
heating load by about 47%, but with a slight increase of the zone
cooling load. In addition, Al-Sanea et al. [41] numerically investi-
gated and optimized the effects of varying amount and location of
thermal mass on the dynamic heat transfer characteristics of insu-
lated building walls. They found that maximum savings in yearly
transmission loads were about 17% and 35% for cooling and heating,
respectively.
Thermally activated building systems (TABS) have shown a
booming growth in Europe since the 1990s when they ﬁrst
appeared in Switzerland [42,43]. They are typically water-based
cooling and heating systems with circulating water in the pipes
embedded inside the concrete slab, as shown in Fig. 1.
In this system it is an energy efﬁcient way to actively integrate
building thermal mass with heating/cooling systems to reduce peak
loads, to transfer heating/cooling loads to off-peak time and to
decrease the plant system size [45]. Heat is exchanged by radia-
tion and convection. Normally radiant heat exchange accounts for
more than 50%, which is beneﬁcial to improve the occupant thermal
comfort [46,47]. The water temperature in this system is close to
the room temperature, typically 25–40 ◦C for heating and 16–20 ◦C
for cooling. This increases the efﬁciency of energy generation and
Fig. 2. Diffuse ceiling ventilation system [52].
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Fig. 4. Thermal process of the room using the new solution.
facilitates the application of renewable energy sources such as solar
collectors, ground source heat pumps and ground water, etc.
TABS can be used for both cooling and heating, but is most
typically used for ceiling cooling. The reason is that the internal
heat exchange coefﬁcient is highest at the cooling ceiling sur-
face compared with other room surfaces [48]. The cooling/heating
capacity largely depends on the HTCs and the temperature differ-
ence between the slab surface and indoor space. Lehmann et al. [49]
numerically analyzed the application range of TABS, and found that
typical heat gain proﬁles with peak loads up to around 50 W/m2
could be managed.
Many surveys have shown the successful application of TABS for
cooling in ofﬁce buildings by using cold outside air or ground heat
sources [42,43,50,51]. However, in all cases no acoustic ceiling is
installed since it impedes the direct radiant heat transfer between
the room side and the slab. Therefore, in order to ensure the sufﬁ-
cient cooling capacity and acceptable sound attenuation, acoustic
ceilings is still required but without impairing the heat transfer.
2.3. Review of diffuse ceiling ventilation
Diffuse ceiling supply is an alternative air distribution system,
which uses the whole suspended ceiling for air supply as shown in
Fig. 2. The space between the suspended ceiling and the concrete
slab is used as a pressure plenum, and air is supplied to the room
through perforations or connections in the suspended ceiling. Due
to the low velocity and the induction of room air in the small air
jets, the system can supply air with extremely low temperature and
the supplied air does not cause any draught by itself. If the draught
problem is noticed, it is due to the heat source itself in the occupied
zone [52].
Different types of ceiling tiles, perforation patterns and ceil-
ing suspensions have been analyzed in laboratory tests [52–58]
and ﬁeld measurements [5,6]. Compared with traditional air sup-
ply systems, the results show that diffuse ceiling supply has the
advantages of low pressure drop (typically less than 5 Pa for air
ﬂow from 1 to 10 l/(s m2)), high ventilation effectiveness, high cool-
ing capacity and low inlet temperature with draught free occupied
zone.
A common application of diffuse ceiling supply is in classrooms.
Classrooms have a high occupant density and high ventilation
demands to reach good indoor air quality. Jacobs et al. [5,6] car-
ried out ﬁeld measurements in two different classrooms in The
Netherlands. The results showed that at ventilation ﬂow rate of
11 l/s per child and a temperature difference as large as 18 K,
Fig. 5. Thermal process inside the concrete slab.
no draught risk occurred and the air quality was signiﬁcantly
improved. Furthermore, the results indicated modest investment
costs and very low fan energy use could be achieved due to the low
pressure loss compared with conventional ventilation systems.
Practical application of diffuse ceiling supply in ofﬁce buildings
is very limited, but several experimental and numerical studies
are available [52–58]. According to the advantages of diffuse ceil-
ing supply as described above, it could be very suitable for ofﬁce
buildings with high requirements for indoor air quality and ther-
mal  comfort. In addition, it would be beneﬁcial to combine diffuse
ceiling supply with natural ventilation to ventilate and cool ofﬁce
buildings with high heat loads all the year around.
3. New system solution
3.1. Concept of the new system solution
The literature review has shown that combining natural ven-
tilation with building thermal mass is fruitful in improving the
thermal comfort and reducing energy use. But the direct use of
cold outside air in winter by natural ventilation seems difﬁcult,
since the high draught risk is often caused by the extremely low
air temperature. However, diffuse ceiling supply has shown supe-
rior ventilation performances in terms of low pressure drop and
with draught free environment even for low inlet temperatures,
which offset the deﬁciency of natural ventilation used in winter.
Through utilizing the advantages of each technology, an indepen-
dent system can be developed for ofﬁce buildings. This system is
viable to replace the traditional air conditioning system and meet
the cooling/heating and ventilation demand all the year around.
Fig. 3 shows schematically such a new system solution that
combines natural ventilation with thermally activated build-
ing constructions and diffuse ceiling supply. TABS are activated
depending on the cooling/heating needs in the room. Outside air
is supplied through controlled vents to the plenum between the
concrete slab and the acoustic diffuse ceiling. Then the air enters
into the room space through small holes located on the diffuse ceil-
ing and exits the room through the air outlet. In this way natural
ventilation is used to ventilate and cool the building during the
whole year, even in cold winter without any draught risk. Mean-
while, TABS can provide the extra heating and cooling need during
extreme seasons and peak hours. Thus, this new system solution
has the potential to considerably reduce energy use and create a
comfortable indoor environment.
3.2. Thermal process of the room using the new system solution
A typical ofﬁce room using this new system solution is divided
into two  parts by the ceiling panel-lower room and plenum, and
Fig. 4 depicts the thermal process of this room. Assuming both air
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Table 1
Operation modes under different climatic conditions.
Seasons Building occupation
Occupied Un-occupied
Extreme winter Condition Q˙h + Q˙vent + Q˙hs + (−(dQstore/d))h < 0 Q˙h + (−(dQstore/d))h < 0
Q˙TABS > 0 Q˙TABS > 0
Mode
Winter Condition Q˙h + Q˙vent + Q˙hs + (−(dQstore/d))h = 0 Q˙h + (−(dQstore/d))h < 0
Q˙TABS = 0 Q˙TABS > 0
Mode
Moderate Condition Q˙h + Q˙vent + Q˙hs + (−(dQstore/d))h = 0 Q˙h + (−(dQstore/d))h = 0
Q˙TABS = 0 Q˙TABS = 0
Mode
Summer Condition Q˙h + Q˙vent + Q˙hs + (−(dQstore/d))h = 0 Q˙h + Q˙vent + (−(dQstore/d))h = 0
Q˙TABS = 0 Q˙TABS = 0
Mode
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Table  1 (Continued)
Seasons Building occupation
Occupied Un-occupied
Extreme summer Condition Q˙h + Q˙vent + Q˙hs + (−(dQstore/d))h > 0 Q˙h + (−(dQstore/d))h > 0
Q˙TABS < 0 Q˙TABS < 0
Mode
in the plenum and air in the lower room are well-mixed, air heat
balance of the lower room and the plenum can be written as Eqs.
(1) and (2), respectively.
CpaaVa
dta
d
= Q˙ha + Q˙vent-a + Q˙hs (1)
CpppVp
dtp
d
= Q˙hp + Q˙vent-p + Q˙cell-h (2)
Q˙ha indicates the convective heat transfer between interior sur-
faces of constructions in the lower room and room air, which can
be derived from Eq. (3). While Q˙hp indicates the convective heat
transfer between interior surfaces of constructions in the plenum
(excluding the concrete slab surface) and plenum air, which can be
derived from Eq. (4).
Q˙ha =
n∑
j=1
Aajhaj
[
tsa-j () − ta ()
]
(3)
Q˙hp =
m−1∑
j=1
Apjhpj
[
tsp-j () − tp ()
]
(4)
Q˙vent-a and Q˙vent-p mean the ventilation heat transfer into the
plenum and into the room. Since air in the plenum and air in the
room have different temperatures and densities as well as the out-
side air, the speciﬁc enthalpy of air is used for the calculation of
ventilation heat transfer as shown in the following equations:
Q˙vent-a = m˙
(
Ip − Ia
)
(5)
Q˙vent-p = m˙
(
Ie − Ip
)
(6)
Q˙hs is the convective parts of internal heat sources(occupants,
lighting, equipment) to the room air, which can contribute the
majority of the cooling load in a modern ofﬁce building. It is highly
dependent on the occupation in the ofﬁce room and often keeps
approximately constant during the occupied time while equals zero
during the un-occupied time.
Fig. 5 depicts the thermal process inside the ceiling slab. Due
to the existence of insulation above the ceiling slab, in this paper
it is assumed that the energy stored in the ceiling slab only trans-
fers to the lower room and the heat transfer to the upper zoom is
neglected. The heat ﬂow from the ceiling slab mainly depends on
the operation of TABS and the heat storage capacity of the concrete,
which can be derived in Eq. (7). Qstore indicates the energy stored
in the slab with the unit of J, while dQstore/dt is the change rate of
the energy stored in the slab with the unit of W. Q˙TABS is heat ﬂow
from water pipes to the concrete slab when TABS are activated,
which can be calculated using the ε − NTU method as described in
BSim User’s Guide[59]. As a result of the time-delay effect caused
by the thermal mass of concrete slab, the energy delivered by TABS
is always released to the room later than the activation of the sys-
tem. After TABS are closed, the concrete slab can still release the
energy stored. Therefore, the energy delivered by TABS has a sig-
niﬁcant inﬂuence on the energy stored in the slab. In Eq. (7), when
TABS are closed, dQstore/d will be negative for releasing heat and
be positive for absorbing heat from the room. However, when TABS
are in operation, for heating case dQstore/d may be positive since
more heat is stored, and the heat released to the room will be the
difference between Q˙TABS and dQstore/d. For the cooling case, the
similar analysis can explain this thermal process in the slab.
Q˙ceil = Q˙TABS −
dQstore
d
(7)
Q˙ceil-h indicates the convective part of heat ﬂow from the ceiling
slab to the plenum air, based on the above description, it can be
written as:
Q˙ceil-h =
⎧⎪⎨
⎪⎩
(
Q˙TABS −
dQstore
d
)
h
TABS is on
(
−dQstore
d
)
h
TABS is off
(8)
Finally, Eqs. (1) and (2) can be merged into:
CpaaVa
dta
d
+ CpppVp
dtp
d
= Q˙ha + Q˙vent-a + Q˙hs + Q˙hp + Q˙vent-p
+ Q˙ceil-h (9)
deﬁning:
Q˙h = Q˙ha + Q˙hp (10)
Q˙vent = Q˙vent-a + Q˙vent-p (11)
Then, Eq. (9) is changed into:
CpaaVa
dta
d
+ CpppVp
dtp
d
= Q˙h + Q˙vent + Q˙hs + Q˙ceil-h (12)
The dynamic thermal process of the room using this new solu-
tion is rather complicated. The main focus of this paper is to study
the energy performance of this new solution compared to the
other systems, rather than developing a new calculation method
for the energy performance analysis. Therefore, the calculation of
the above terms in the heat balance equation is solved by the com-
mercial software-BSim [59].
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Fig. 6. Geometry of the typical ofﬁce room studied.
3.3. Operation mode of the new system solution
Normally, the operation of the new system solution needs to
ensure the room temperature at the comfort range under differ-
ent climatic conditions. In order to combine natural ventilation
with TABS in an energy efﬁcient way, an appropriate operation
mode varying with the climatic conditions and the diurnal time
is indispensable.
If  neglecting the heat capacitance of air in the room and in
the plenum or assuming air temperatures in the room and in the
plenum vary very slowly during the speciﬁed periods, then Eq. (12)
is changed into:
Q˙h + Q˙vent + Q˙hs + Q˙ceil-h = 0 (13)
During the un-occupied time of ofﬁce buildings, Q˙hs is consid-
ered as zero. Thus, the heat balance equation changes into Eq. (14).
Actually, Q˙vent in Eq. (14) represents the effect of night ventilation.
Q˙h + Q˙vent + Q˙ceil-h = 0 (14)
Based on the above heat balance equations (Eqs. (13) and (14)),
the operation of this new system solution can be classiﬁed into ﬁve
modes as shown in Table 1. This section will qualitatively illustrate
each mode under different conditions.
In the extreme winter season, there is no solar heat gain and
the outside air temperature is extremely low. As a result, heat loss
to the outside is relatively large. During the occupied period, the
ventilation rate should be kept at a minimum level for ensuring
acceptable indoor air quality. With the depletion of stored heat,
heat gains cannot ensure thermal comfort and TABS are activated
to supplement extra heating. During the un-occupied time, TABS
still need to operate to offset the heat loss through the building
envelope. If necessary, a fan is beneﬁcial to blend the air in the
plenum with room air to increase heat transfer of TABS and reduce
the air temperature difference.
In the normal winter season, solar radiation is beneﬁcial to the
room heating and outside air temperature is higher, which reduces
the heat loss to the outside. During the occupied time, all heat
gains can offset the heat loss of envelope and ventilation, the ther-
mal  equilibrium of the system is achieved without activating TABS.
Before offsetting the heat gains in the occupied zone, cold outside
air comes into the plenum and is heated by the relatively warmer
concrete slab by convection. Actually, sometimes the sum of all heat
gains is larger than the total heat loss when the ventilation rate is
kept at the minimum level, this means there is a cooling need even
in winter. The new system is capable of supplying this cooling by
increasing the ventilation rate without any draught risk. Neverthe-
less, during the un-occupied time, auxiliary heating from TABS are
still required to keep the room air temperature within acceptable
limits.
In the moderate seasons the climate is temperate and the air
temperature is very suitable for natural ventilation. During the
Fig. 7. Room models established in BSim.
occupied time, the cooling potential of natural ventilation can
eliminate the extra heat gains to keep an acceptable thermal envi-
ronment and excess heat gains are also partly accumulated in the
building thermal mass. During the un-occupied time, the stored
heat energy is released and offsets the heat loss of envelope. In
this way, the system keeps the thermal equilibrium automatically
without activating TABS.
The normal summer season is analogous to the moderate sea-
sons. Most of the time outside air temperature is still lower than
the room air temperature so that natural ventilation is effective for
cooling. Through increasing ventilation rate, it is possible to remove
the extra heat gains and ensure the thermal comfort in the room.
Some extra heat gains will be stored in the building thermal mass
and during the non-occupied time this heat must be removed by
night ventilation. In this way, the thermal mass is used passively
without activating TABS.
In the extreme summer season, the day- or peak time involves
very high outside air temperatures and/or high levels of solar radi-
ation. During the occupied time, natural ventilation has to be kept
at the minimum level. The excess heat gains are obviously larger
than the passive storage capacity of TABS and consequently TABS
are activated to supply extra cooling to ensure thermal comfort.
Similarly, during the night time, the outside air temperature is rel-
atively high so night ventilation is unavailable. In order to remove
the heat stored in the building thermal mass at daytime, the only
appropriate way is to activate TABS to offset it. Therefore, TABS are
used nearly all day in the extreme summer season.
From the ﬁve operation modes it can be seen that natural ven-
tilation is used in an efﬁcient way during the whole year and
activation of TABS occurs only at extreme outside conditions. In
addition, an optimal dynamic control is necessary for the selection
between the different operation modes and for the optimization of
system operation.
4. Case study
4.1. Building model
In order to illustrate the application and energy saving poten-
tial of the proposed new system solution, a case study is carried
out in this section. By means of energy simulation, the energy
performances of a typical ofﬁce room using the new solution
and other typical HVAC systems are compared. The geometry of
the room is shown in Fig. 6, with the external dimensions of
8.0 m × 3.6 m × 4.8 m.  The plenum height from the bottom of the
slab to the ceiling panel is 0.5 m, and the net ﬂoor area is 26.0 m2.
One window with the dimension of 2.7 m × 2.8 m is located in the
exterior wall, and the percentage of glazed area compared to the
exterior wall area is 49.0%.
BSim [59], a widely used energy simulation software in
Denmark, is employed to perform the energy simulation. Fig. 7
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depicts the room models constructed in BSim. In the case without
ceiling panel, only one thermal zone is established. While in the
case with ceiling panel, the ceiling panel separates the room into
two parts—the plenum zone and the room zone, which exchange
airﬂow through ventilation. To simplify the model, it is assumed
that the adjacent rooms have the same temperature, thus there is
no heat transfer through interior walls, ﬂoor and ceiling.
The detailed materials used in the constructions can be found in
Table 2. According to EN ISO 13786 [60], the calculated total thermal
mass of the building is 174.6 W h/(m2 K), corresponding to a very
heavy construction [61].
The ofﬁce building is assumed to be located in Denmark with
the reference weather condition of Copenhagen used. The room is
occupied from 9 am to 17 pm with two occupants. The minimum
ventilation rate for the requirement of fresh air is 121.52 m3/h, and
the speciﬁc fan power (SPF) factor is 2.1 kJ/m3. The inﬁltration is
0.15 h−1, corresponding to a highly-airtight building. A dynamical
control of the window using shutter and solar-shading is set up to
optimize the heat losses in cold seasons and the heat gains in hot
seasons.
4.2. Different HVAC systems compared
The ﬁve cases used in the comparison are illustrated in Fig. 8,
corresponding to three types of air-based systems and two types
of radiant systems. Case 1 is the traditional air-based heating and
cooling system without ceiling panel. In this case room heating and
cooling demand is met  by the handled air and ventilation air is
supplied to the room directly. Case 2 is TABS without ceiling panel,
and ventilation air is supplied to the room independently. Case 3
is the traditional air-based cooling and heating system with ceiling
panel. Mechanical cooling and heating is only supplied to the room,
while ventilation air is supplied from the outside to the plenum and
evenly distributed to the room space through the diffuse ceiling
panel. Case 4 is TABS with ceiling panel, which is the proposed
new system solution in this paper. Case 5 is the traditional air-
based heating and cooling system with ceiling panel. In this case
the ventilation air is supplied into the room space directly, and air
cooling and heating is only supplied into the room space. In fact,
in Case 1, Case 2 and Case 5, there may  be a draught risk when
the ventilation air is directly supplied to the occupied zone, but
this simulation work only focuses on the energy performances of
different systems so the draught problem is not considered.
The performances of air-based systems are calculated both with
and without the use of heat recovery (75%). The temperature set-
point for air-based systems is based on the values of 21 ◦C for
heating and 25.5 ◦C for cooling.
TABS involve water pipes with a diameter of 0.02 m,  a distance
of 0.05 m to the bottom surface of slab and a distance of 0.15 m
between pipes. The pipe has the wall thickness of 0.001 m and the
thermal conductivity of 1.0 W/(m K). The water temperature varies
at the range of 16–18 ◦C, but the water ﬂow rate changes largely
depending on the internal heat load level. The temperature in the
room with TABS always ﬂuctuates, and the set-point of the maxi-
mum  temperature is 25.5 ◦C for cooling and the minimum is 21 ◦C
for heating.
4.3. Assumptions and evaluation criteria
To simplify the simulation some reasonable assumptions are
made:
(1) The ventilation air supplied from the outside is evenly dis-
tributed in the plenum, therefore air temperature in the plenum
is uniform.
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Fig. 8. The ﬁve cases studied.
(2) The air ﬂow through the ceiling panel is evenly distributed and
the air in the room is well-mixed.
(3) The maximum natural ventilation rate available in this sim-
ulation is 5 times the minimum ventilation requirement,
corresponding to a maximum air change rate of 5.5 h−1.
Due to the different characteristics of each system, the air tem-
peratures and heating/cooling energy needs will be different. The
thermal comfort analysis is based on the operative temperature and
is evaluated according to standard EN 15251 [62]. Category II in EN
15251 is selected as it is in accord with the thermal comfort level
(−0.5 < PMV  < +0.5) in EN ISO 7730 [63]. A performance index (PI)
associated with the category represents the percentage of values of
operative temperatures during the occupied time that fall within
the acceptable range of the category [64]. When the PI is at least
90%, the indoor thermal environment is supposed to meet a certain
category.
In category II, the operative temperature of 20–24 ◦C is the
thermal comfort condition in heating seasons (October to April),
while the operative temperature of 23–26 ◦C is the thermal comfort
condition in cooling seasons (May to October). All the simulation
results of the operative temperature during the occupied time must
have a PI of greater than 90% so as to compare each case at the same
comfort level.
5. Results
5.1. Primary energy use
In the simulation, the electric chiller and gas boiler are desig-
nated as the primary system equipment. Normally, the temperature
of chilled water used for radiant cooling is higher than that used for
air-based system, which means that the chiller COP will be higher,
and the similar case for the boiler. Considering that it is impossi-
ble to get the primary energy use using BSim, some energy factors
for the estimation need to be speciﬁed using the similar deﬁnition
in literature [65,66]. In this paper, the system conversion factor is
deﬁned for the estimation of delivery energy use converted from
the heating/cooling need, while the primary energy factor is deﬁned
Table 3
System energy factors for different systems.
System
conversion
factor
Primary energy
conversion
factor
Air-based heating 0.8 1.0
Air-based cooling 3.0 2.5
Radiant heating 0.8 1.0
Radiant cooling 3.5 2.5
Mechanical ventilation 1.0 2.5
Fig. 9. Primary energy use of the whole year.
for the estimation of primary energy use converted from the deliv-
ery energy use. These factors for different systems are shown in
Table 3. Since the energy use for the domestic hot water and light-
ing is identical for all cases, the primary energy use listed in this
section is the summation of total energy use for heating, cooling
and ventilation systems.
Fig. 9 shows the primary energy use for the ﬁve cases stud-
ied under different internal heat loads. Since natural ventilation is
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utilized all the year around, the primary energy use of the new
solution decreases fast. At the internal heat load of 65 W/m2, it has
the minimum primary energy use. The other 4 cases without heat
recovery (HR) have nearly the same pattern, reaching the mini-
mum primary energy use at the internal heat load of about 40 W/m2
and increasing dramatically when the internal heat load is above
40 W/m2. However, for cases with heat recovery minimum energy
use occurs at the heat load of 25 W/m2. Comparing with the other 4
cases, the new solution has less primary energy use when the inter-
nal heat load is above 30 W/m2, which shows that the new solution
has very good energy saving potential. Moreover, the larger the
internal heat load is, the higher energy saving potential of the new
solution is. For a typical ofﬁce room with the internal heat load of
30–40 W/m2, energy saving potential of −10–50.3% and 31.2–51.3%
can be achieved compared to cases with and without heat recovery,
respectively.
5.2. Monthly heating and cooling need
In order to further study the duration of energy saving, monthly
heating and cooling needs are illustrated in Fig. 10. For the new
solution, there is no cooling need in winter and transitional sea-
sons. Cooling need only occurs in summer—June, July and August
when the internal heat load is larger than 45 W/m2. Moreover, the
Fig. 10. Monthly heating and cooling need.
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Fig. 10. (Continued).
cooling need increases smoothly due to the increased ventilation
rate. While for the other four cases, cooling need exists even in
winter, especially for cases with heat recovery.
The new solution has a higher heating need than the others in
winter, which may  be attributed to the inﬂuence of ceiling panel
on the heat transfer between the plenum and the room space. All
cases without heat recovery have nearly the same heating need in
summer and transitional seasons. In fact, cases with heat recovery
have the lowest heating need, especially in winter.
For the typical ofﬁce room with internal heat load of
30–40 W/m2, the energy saving of cooling in summer and transi-
tional seasons is distinct while that in winter seasons occurs mainly
in November. If the ofﬁce room in future has the internal heat
load above 50 W/m2, this cooling energy saving would occur in the
whole winter seasons.
5.3. Ventilation control of the new solution
The application of natural ventilation in the new solution is
dynamic. For the purpose of simpliﬁcation, this dynamic control
of natural ventilation is based on each week. For the typical ofﬁce
room with the internal heat load of 30–40 W/m2, Fig. 11 shows
the average daily ventilation rate and ventilation time in each
week. With the increase of internal heat load, ventilation rate and
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Fig. 11. Ventilation variables in the typical ofﬁce room.
ventilation time increase fast in summer seasons and smoothly in
the transitional seasons and winter seasons. Further, in summer
seasons higher ventilation rate is essential for cooling, while in win-
ter seasons only the minimum ventilation rate is sufﬁcient due to
the large cooling potential of cold outside air.
6. Discussions and conclusions
To save energy and ensure thermal comfort in ofﬁce buildings
with a cooling need during the whole year, passive cooling tech-
nologies should be initially considered in the design. Based on a
literature review work, this paper proposes a new system solution
that combines natural ventilation with building thermal mass acti-
vation and diffuse ceiling inlet for cooling and ventilation in ofﬁce
buildings. Operation of the new system solution is classiﬁed into
ﬁve modes according to the thermal processes under different cli-
matic conditions. In addition, a case study is carried out to illustrate
the energy saving potential of the new system solution.
Compared with other HVAC systems the new system solu-
tion has less primary energy use when the internal heat load is
above 30 W/m2, and the energy saving potential increases with the
internal heat load. For the typical ofﬁce room with the internal
heat load of 30–40 W/m2, this energy saving potential can reach up
to 50%. Meanwhile, the cooling energy saving of the new solution
mainly occurs in summer seasons, transitional seasons and part of
winter seasons, depending on the internal heat load level.
For this new solution the required ventilation rate and ventila-
tion period increase with the internal heat load, and the minimum
natural ventilation is sufﬁcient for cooling in the winter seasons
due to the large cooling potential of outside air. However, in the
extreme hot summer, the cooling potential of natural ventilation is
limited and TABS should be activated to supply the supplementary
cooling.
Overall, the new system solution has large energy saving poten-
tial compared with other systems once it is properly designed and
used. However, some issues still need to be further studied. The ﬁrst
is the maximum available natural ventilation rate, which largely
depends on factors such as the outside wind pressure, the inlet
conﬁguration, pressure drop of diffuse ceiling panel, and so on. It
is critical to evaluate this maximum in the design stage. Second, in
the simulation it is obvious that the diffuse ceiling panel reduces
the heat transferred between the concrete ceiling and room space
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due to the weakened radiative heat transfer. But the ventilation in
the plenum in fact increases the convective heat transfer. Thus, this
effect should be investigated in the future experiments. In addition,
the dynamic control of TABS and natural ventilation is crucial as
well. Either TABS or natural ventilation can eliminate the internal
heat loads, and an optimal combination of them will lead to the
least energy use. Investigations in the future should also focus on
the inﬂuence of different combinations of them on the energy con-
sumption and the indoor climate. Finally, the draught risk problem
should be analyzed in the future study for buildings using this new
solution, especially in the extreme winter.
Acknowledgements
The research described in this paper was ﬁnancially supported
by China Scholarship Council (CSC No. 201207000044), and was
completed while one of the authors, Tao Yu, was visiting the Depart-
ment of Civil Engineering in Aalborg University.
References
[1] European Parliament and Council, Directive 2010/31/EU of the European Parlia-
ment and of the Council of 19 May  2010 on the energy performance of buildings
(recast), Off. J. Eur. Union 53 (2010) 13–35.
[2] EWEA, EU Energy Policy to 2050: Achieving 80–95% Emissions Reductions,
European Wind Energy Association, 2011.
[3] The Danish Government, Energy Strategy 2050-from Coal, Oil and Gas to Green
Energy, The Danish Government, 2011.
[4] The Danish Ministry of Economic and Business Affairs, Building Regulations
2010, The Danish Ministry of Economic and Business Affairs, 2010.
[5] P. Jacobs, B. Knoll, Diffuse ceiling ventilation for fresh classrooms, in: 30th AIVC
Conference Trends in High Performance Buildings, 2009.
[6] P. Jacobs, E.C.M. van Oeffelen, B. Knoll, Diffuse ceiling ventilation, a new concept
for  healthy and productive classrooms, in: Proceedings of the 11th International
Conference on Indoor Air Quality and Climate, Copenhagen, Denmark, 1, 2008,
pp.  1–8.
[7] H.E. Feustel, C. Stetiu, Hydronic radiant cooling-preliminary assessment,
Energy Build. 22 (1995) 193–205.
[8] C. Stetiu, Energy and peak power saving potential of radiant cooling systems in
US commercial buildings, Energy Build. 30 (1999) 127–138.
[9] R.M. Yao, B.Z. Li, K. Steemers, A. Short, Assessing the natural ventilation cooling
potential of ofﬁce buildings in different climate zones in China, Renewable
Energy 34 (2009) 2697–2705.
[10] N. Artmann, Cooling of the Building Structure by Night-time Ventilation,
Department of Civil Engineering, Aalborg University, Denmark, 2008.
[11] M.  Santamouris, D. Asimakopoulos, Passive Cooling of Buildings, James & James,
London, 1996.
[12] F. Allard, Natural Ventilation in Buildings, James & James, London, 1998.
[13] B. Givoni, Comfort, climate analysis and building design guidelines, Energy
Build. 18 (1992) 11–23.
[14] P.F. Linden, The ﬂuid mechanics of natural ventilation, Annu. Rev. Fluid Mech.
31  (1999) 201–238.
[15] Y. Li, P. Heiselberg, Analysis methods for natural and hybrid ventilation—a
critical literature review and recent development, Int. J. Vent. 1 (2003) 3–20.
[16] S.P. Duan, G.Q. Zhang, J.G. Ping, J.L. Zhou, Development in research of natural
ventilation, J. HV&AC 34 (2004) 22–28 [in Chinese].
[17] Y. Li, Analysis, prediction and design of natural and hybrid ventilation for sim-
ple  building, in: Proceedings of Hybrid Ventilation 2002-Fourth International
Forum, Montreal, Canada, 2002, pp. 154–168.
[18] S.J. Emmerich, W.S. Dols, J.W. Axley, Natural Ventilation Review and Plan for
Design and Analysis Tools, National Institute of Standards and Technology, U.S.,
2001.
[19] T. Kleiven, Natural ventilation in buildings-architectural concepts, conse-
quences and possibilities, in: Department of Architectural Design, History and
Technology, Norwegian University of Science and Technology, Norway, 2003.
[20] M.  Kolokotroni, A. Aronis, Cooling-energy reduction in air-conditioned ofﬁces
by  using night ventilation, Appl. Energy 63 (1999) 241–253.
[21] Z.J. Wang, L.L. Yi, F.S. Gao, Night ventilation control strategies in ofﬁce buildings,
Sol.  Energy 83 (2009) 1902–1913.
[22] J. Pfafferott, S. Herkel, M. Jäschke, Design of passive cooling by night ventilation:
evaluation of a parametric model and building simulation with measurements,
Energy Build. 35 (2003) 1129–1143.
[23] V. Geros, M.  Santamouris, A. Tsangrasoulis, G. Guarracino, Experimental eval-
uation of night ventilation phenomena, Energy Build. 29 (1999) 141–154.
[24] P. Blondeau, M.  Spérandio, F. Allard, Night ventilation for building cooling in
summer, Sol. Energy 61 (1997) 327–335.
[25] E. Gratia, A.D. Herde, Natural cooling strategies efﬁciency in an ofﬁce building
with a double-skin fac¸ ade, Energy Build. 36 (2004) 1139–1152.
[26] N. Artmann, H. Manz, P. Heiselberg, Climatic potential for passive cooling
of  buildings by night-time ventilation in Europe, Appl. Energy 84 (2007)
187–201.
[27] N. Artmann, D. Gyalistras, H. Manz, P. Heiselberg, Impact of climate warming
on passive night cooling potential, Build. Res. Inform. 36 (2008) 111–128.
[28] M.  Kolokotroni, B.C. Webb, S.D. Hayes, Summer cooling with night ventilation
for  ofﬁce buildings in moderate climates, Energy Build. 27 (1998) 231–237.
[29] E. Gratia, I. Bruyere, A.D. Herde, How to use natural ventilation to cool narrow
ofﬁce buildings, Build Environ. 39 (2004) 1157–1170.
[30] D. Dickson, AIVC, IEA, Ventilation Technology in Large Non-domestic Buildings,
Air  Inﬁltration and Ventilation Centre, Coventry, 1998.
[31] D.P. Finn, D. Connolly, P. Kenny, Sensitivity analysis of a maritime located night
ventilated library building, Sol. Energy 81 (2009) 697–710.
[32] N. Artmann, H. Manz, P. Heiselberg, Parameter study on performance of
building cooling by night-time ventilation, Renewable Energy 33 (2008)
2589–2598.
[33] F. Alamdari, G.P. Hammond, Improved data correlations for buoyancy-driven
convection in rooms, Build. Serv. Eng. Res. Technol. 4 (1983) 106–112.
[34] A.J.N. Khalifa, R.H. Marshall, Validation of heat transfer coefﬁcients on interior
building surfaces using a real-sized indoor test cell, Int. J. Heat Mass Trans. 33
(1990) 2219–2236.
[35] S. Yannas, E. Maldonado, Designing for Summer Comfort: Heat Gain Control
and Passive Cooling of Buildings: A European Handbook from the EU PASCOOL
Project, European Commission PASCOOL Project, London, 1995.
[36] J.L. Zhou, Calculation of Indoor Air Temperature and Analysis of Relative Factors
in Natural Ventilated Buildings Coupled With Thermal Mass, Department of
Civil  Engineering, Hunan University, Changsha, 2009 [in Chinese].
[37] C.A. Balaras, The role of thermal mass on the cooling load of buildings. An
overview of computational methods, Energy Build. 24 (1996) 1–10.
[38] B. Givoni, Effectiveness of mass and night ventilation in lowering the indoor
daytime temperatures, Part 1: 1993 experimental periods, Energy Build. 28
(1998) 25–32.
[39] E. Shaviv, A. Yezioro, I.G. Capeluto, Thermal mass and night ventilation as pas-
sive cooling design strategy, Renewable Energy 24 (2001) 445–452.
[40] S.A. Kalogirou, G. Florides, S. Tassou, Energy analysis of buildings employing
thermal mass in Cyrus, Renewable Energy 27 (2002) 353–368.
[41] S.A. Al-Sanea, M.F. Zedan, S.N. Al-Hussain, Effect of thermal mass on perfor-
mance of insulated building walls and the concept of energy savings potential,
Appl. Energy 89 (2012) 430–442.
[42] R.A. Meierhans, Slab cooling and earth coupling, ASHRAE Trans. 99 (1993)
511–518.
[43] R.A. Meierhans, Room air conditioning by means of overnight cooling of the
concrete ceiling, ASHRAE Trans. 102 (1996) 693–697.
[44] M.  Pomianowski, P. Heiselberg, R.L. Jensen, Dynamic heat storage and cooling
capacity of a concrete deck with PCM and thermally activated building system,
Energy Build. 53 (2012) 96–107.
[45] B.W. Olesen, M.D. Carli, M.  Scarpa, M.  Koschenz, Dynamic evaluation of the
cooling capacity of thermo-active building systems, ASHRAE Trans. 112 (2006)
350–357.
[46] T. Imanari, T. Omori, K. Bogaki, Thermal comfort and energy consumption of the
radiant ceiling panel system, comparison with the conventional all-air system,
Energy Build. 30 (1999) 167–175.
[47] B.W. Olesen, Radiant ﬂoor cooling systems, ASHRAE Trans. 50 (2008) 16–20.
[48] ISO, ISO 11855-2: Building Environment Design–Design, Construction and
Operation of Radiant Heating and Cooling System-Part 2: Determination of the
Design Heating and Cooling Capacity, ISO, 2012.
[49] B. Lehmann, V. Dorer, M.  Koschenz, Application range of thermally activated
building systems tabs, Energy Build. 39 (2007) 593–598.
[50] M.  Gwerder, D. Gyalistras, C. Sagerschnig, R.S. Smith, D. Sturzenegger, Final
Report: Use of Weather and Occupancy Forecasts for Optimal Building Climate
Control-Part II: Demonstration (OptiControl-II), Automatic Control Laboratory,
ETH Zurich, 2013.
[51] R.C. Bourne, M.A. Hoeschele, Applying natural cooling to slab ﬂoors, Proceed-
ings ACEEE Summer Study on Energy Efﬁciency in Buildings vol. 3 (2000).
[52] P.V. Nielsen, E. Jakubowska, The performance of diffuse ceiling inlet and other
room air distribution systems, Proceedings of Cold Climate HVAC (2009).
[53] L. Hong, Experimental and Numerical Analysis of Diffuse Ceiling Ventilation,
Department of Civil Engineering, Technical University of Denmark, Denmark,
2011.
[54] P.V. Nielsen, R.L. Jensen, L. Rong, Diffuse ceiling inlet systems and the room air
distribution, Clima 2010: 10th REHVA World Congress (2010).
[55] C.A. Hviid, Building Integrated Passive Ventilation Systems, Department of Civil
Engineering, Technical University of Denmark, Denmark, 2010.
[56] C.A. Hviid, S. Svendsen, Experimental study of perforated suspended ceilings
as  diffuse ventilation air inlets, Energy Build. 56 (2013) 160–168.
[57] J. Fan, C.A. Hviid, H. Yang, Performance analysis of a new design of ofﬁce diffuse
ceiling ventilation system, Energy Build. 59 (2013) 73–81.
[58] A.D. Chodor, P.P. Taradajko, Experimental and Numerical Analysis of Dif-
fuse Ceiling Ventilation, Department of Civil Engineering, Aalborg University,
Denmark, 2013.
[59] K.B. Wittchen, K. Johnsen, K. Grau, BSim User’s Guide, Danish Building Research
Institute, Denmark, 2011.
[60] CEN, EN ISO 13786: Thermal Performance of Building Components—Dynamic
Thermal Characteristics—Calculation Method, CEN, 2007.
[61] CEN, EN ISO 13790: Energy Performance of Buildings, Calculation of Energy use
for Space Heating and Cooling, CEN, 2008.
T. Yu et al. / Energy and Buildings 90 (2015) 142–155 155
[62] CEN, EN 15251: Indoor Environment Input Parameters for Design and Assess-
ment of Energy Performance of Buildings Addressing Indoor Air Quality,
Thermal Environment, Lighting and Acoustics, CEN, 2007.
[63] CEN, EN ISO 7730: Ergonomics of the Thermal Environment: Analytical Deter-
mination and Interpretation of the Thermal Comfort Using Calculation of the
PMV  And PPD Indices and Local Thermal Comfort Criteria, CEN, 2005.
[64] E. Fabrizio, S.P. Corgnati, F. Causone, M.  Filippi, Numerical comparison between
energy and comfort performances of radiant heating and cooling systems
versus air systems, HVAC&R Res. 18 (2012) 692–708.
[65] O. Sezgen, E. Franconi, J.G. Koomey, S.E. Greenburg, A. Afzal, et al., Technology
data characterizing space conditioning in commercial buildings: application to
end-use forecasting with COMMEND 4.0, in: Report No. LBL-37065, Lawrence
Berkeley National Laboratory, 1995.
[66] J. Huang, E. Franconi, Commercial heating and cooling loads component
analysis, in: Report No LBL-37208, Lawrence Berkeley National Laboratory,
1999.
Energy and Buildings 105 (2015) 165–177
Contents lists available at ScienceDirect
Energy  and  Buildings
j ourna l ho me  page: www.elsev ier .com/ locate /enbui ld
Experimental  investigation  of  cooling  performance  of  a  novel  HVAC
system  combining  natural  ventilation  with  diffuse  ceiling  inlet  and
TABS
Tao  Yua,b,∗,  Per  Heiselbergb, Bo  Leia,  Michal  Pomianowskib, Chen  Zhangb,
Rasmus  Jensenb
a School of Mechanical Engineering, Southwest Jiaotong University, Chengdu 610031, China
b Department of Civil Engineering, Aalborg University, Aalborg 9000, Denmark
a  r  t  i  c  l  e  i  n  f  o
Article history:
Received 14 February 2015
Received in revised form 11 July 2015
Accepted 16 July 2015
Available online 21 July 2015
Keywords:
Natural ventilation
Diffuse ceiling inlet
Thermally activated building systems
(TABS)
Cooling performance
Heat transfer coefﬁcient
a  b  s  t  r  a  c  t
A  novel  HVAC  system  combining  natural  ventilation  with  diffuse  ceiling  inlet  and  thermally  activated
building  systems  (TABS)  has  the  ability  to fulﬁll  the  requirements  of  cooling  and  ventilation  in future
Danish  ofﬁce  buildings.  In  order  to  study  the cooling  performance  of  this  system,  a test  chamber  is
constructed  in a way  to represent  the  characteristics  of an  ofﬁce  room.  Twenty  cases  are  tested  under
steady-state  conditions,  including  ten  cases  without  ceiling  panel  and  ten  cases  with  ceiling  panel.  An
energy  balance  analysis  shows  that  the  tests  have  quite  good  accuracy,  with an  error  of less  than  10%.
Both  the  cooling  capacity  of TABS  and  the inﬂuence  of  ceiling  panel  are  investigated.  The U-value  of
TABS  water  side  to the room  side  is almost  constant,  but  the effectiveness  of TABS  decreases  with  log
mean  temperature  difference  (LMTD)  for both  cases  with  and  without  ceiling  panel.  The  radiant  heat
transfer  coefﬁcient  of  TABS  is  reduced  by the  ceiling  panel  whereas  the convective  heat  transfer  coefﬁcient
increases  with  the  ventilation  rate  and  the  inlet  air temperature.  Experimental  data  is  used  to  evaluate
the  thermal  performance  of this  system,  and  it is  also  beneﬁcial  to  the  design  of this  system.
©  2015  Elsevier  B.V.  All  rights  reserved.
1. Introduction
The building sector demands regarding energy conservation
have been growing for many years around the world. In general, less
energy use for HVAC systems is required but without compromising
a comfortable and healthy indoor environment. In order to com-
ply with the minimum requirements for the energy performance
of new buildings, constructions with low heat transfer coefﬁcients
are used and air penetration through the envelope is reduced [1],
resulting in well-insulated and air-tight buildings. This approach
is essentially beneﬁcial in decreasing the heating need, but it also
leads to an increasing cooling demand in buildings in both summer
and winter.
With the aim of meeting the probable cooling demand during
the whole year especially in winter seasons in future Danish ofﬁce
buildings, Yu et al. [2] have proposed a novel system that com-
bines natural ventilation with diffuse ceiling inlet and thermally
∗ Corresponding author at: Southwest Jiaotong University, School of Mechanical
Engineering, Chengdu 610031, China. Tel.: +45 91263787; fax: +45 99408552.
E-mail address: ty@civil.aau.dk (T. Yu).
activated building systems (TABS). The Danish Design Reference
Year [3] shows that Denmark has a cold climate with relatively low
air temperatures even in summer and an annual mean wind speed
of 4.4 m/s, which makes natural ventilation feasible in the proposed
system. Therefore, this combined system has the potential of ful-
ﬁlling the demands of cooling and ventilation all year with very
low energy use. Fig. 1 demonstrates the schematic diagram of this
solution. Outside air is supplied through controlled vents to the
plenum between the concrete slab and the acoustic diffuse ceil-
ing. After the circulation and heat exchange in the plenum, this air
enters into the room space through small holes located in the dif-
fuse ceiling. In this way  natural ventilation is used to ventilate and
cool the building, even in cold winter periods without any risk of
draught. Meanwhile, TABS can provide the extra heating and cool-
ing need during extreme seasons and peak hours. Thus, this new
system has the potential of considerably reducing energy use and
creating a comfortable indoor environment. The studies by Yu et al.
[2,4] showed that for typical Danish ofﬁce buildings with an internal
heat load level of 30–40 W/m2, without any compromise of ther-
mal  comfort, the primary energy saving potential of this integrated
system can reach up to 50% compared with the other traditional
air-based systems and radiant systems.
http://dx.doi.org/10.1016/j.enbuild.2015.07.039
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Nomenclature
A construction area (m2)
ACH room air change rate (h−1)
AUST average unheated surface temperature (◦C)
Cpa air speciﬁc heat capacity [J/(kg K)]
Cpw water speciﬁc heat capacity [J/(kg K)]
Fs−j view factor between slab surface and internal sur-
face j
Fεs−j radiation interchange factor
hc convective heat transfer coefﬁcient of slab surface
[W/(m2 K)]
hr radiant heat transfer coefﬁcient of slab surface
[W/(m2 K)]
htot total heat transfer coefﬁcient of slab surface
[W/(m2 K)]
LMTD logarithmic mean temperature difference (◦C)
M˙w TABS water mass ﬂow rate (kg/s)
NTU number of transfer units
Q˙c-cond heat conduction of diffuse ceiling (W)
Q˙ceil heat transmission from the slab when TABS is not
activated (W)
Q˙ceil-t total cooling capacity through diffuse ceiling (W)
Q˙conv convective heat transfer between TABS and
room/plenum air (W/m2)
Q˙c-V ventilation cooling through diffuse ceiling (W)
Q˙fa heat transmission from the facade (W)
Q˙ﬂ heat transmission from the ﬂoor (W)
Q˙hs total power of heat sources (W)
Q˙iw heat transmission from interior walls (W)
Q˙NV heat loss/gain from natural ventilation (W)
Q˙r radiant heat transfer between TABS and other inter-
nal surfaces (W/m2)
Q˙TABS heat transmission from TABS to the test room (W)
Q˙TABS-tot total energy delivered by TABS (W)
Q˙TABS-up heat loss from TABS to upper zone (W)
Q˙ heat unbalance rate (%)
Q˙ error of heat balance (W)
Tj temperature of the internal surface j (◦C)
Ts mean lower surface temperature of all slabs (◦C)
ta room air temperature (◦C)
taex exhaust air temperature (◦C)
tain inlet air temperature (◦C)
tap plenum air temperature (◦C)
tau upper zone air temperature (◦C)
tc-down lower surface temperature of ceiling panel (◦C)
tc-up upper surface temperature of ceiling panel (◦C)
te cold chamber air temperature (◦C)
top operative temperature in the room/plenum (◦C)
ts temperature of the interior surface (toward the
room) of the construction (◦C)
tsur mean upper surface temperature of all slabs (◦C)
tsurd surrounding zone air temperature (◦C)
twre TABS return water temperature (◦C)
twsu TABS supply water temperature (◦C)
U heat transfer coefﬁcient of the construction and air
ﬁlm or TABS [W/(m2 K)]
V room volume (m3)
Greek symbols
  Stefan-Boltzman constant, 5.67 × 10−8 W/(m2 K4)
 thermal conductivity of ceiling panel (W/m K)
ı thickness of ceiling panel (m)
 air density (kg/m3)
ε effectiveness of TABS or emissivity of surface
This system mainly focuses on meeting the cooling demand in
future ofﬁce buildings. Both natural ventilation and TABS can meet
the cooling demand, and the optimum combination of them can
ensure a good thermal environment with the minimum energy
use. The majority of previous studies [5–11] mainly focused on the
energy performance of individual TABS or ventilation assisted TABS,
and there were very few investigations of the acoustic ceiling fully-
covered TABS. Due to the diffuse ceiling panel, natural ventilation
directly interacts with TABS, resulting in a more complex thermal
phenomenon inside the plenum. The individual TABS have a limited
cooling power as a result of the concerns of condensation and radia-
tion asymmetry [12], and it is more difﬁcult to evaluate this capacity
when considering the effect of ceiling panel and natural ventilation.
The diffuse ceiling panel is made of wood shavings combined with
cement paste; accordingly, it behaves as an insulation layer. The
ceiling panel may  inﬂuence the heat transfer between TABS and the
room (mainly radiant heat transfer) even though a large covering
percentage still provides a signiﬁcant cooling from the ceiling to the
room [13–16]. However, since the ventilation air circulates in the
plenum before entering into the lower room, the convective heat
transfer may  be increased. Some analytical or experimental stud-
ies on ceiling cooling under different ventilating conditions show
that the ceiling cooling capacity increases by approximately 5–35%
[17–19], but the ventilation air was  handled for designated condi-
tions. Since the ceiling panel and natural ventilation may have a
large effect on the energy performance of TABS, detailed analyses
of the total cooling capacity and the radiant and convective heat
transfers are indispensable.
The heat transfer between typical TABS and room space funda-
mentally consists of convection and radiation. Radiant heat transfer
is largely dependent on the surface temperatures and the radi-
ant heat transfer coefﬁcient. The radiant heat transfer coefﬁcient
is readily obtained by measurements or calculations, and in most
cases it is between 5.4 and 6.2 W/(m2 K) [20–22]. The convective
heat transfer is determined by the air temperature, surface tem-
perature and the convective heat transfer coefﬁcient of the radiant
surface. Because of the complicated air ﬂow around the radiant
surface in terms of air velocity and air turbulence, it is extremely dif-
ﬁcult to measure the convective heat transfer coefﬁcient. According
to previous studies [23–29], it varies within a large range. The
Fig. 1. Schematic diagram of the new system [2].
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Fig. 2. Schematic diagrams of two types of cases.
average convective heat transfer coefﬁcient found in the literature
for the cooled ceiling is between 2.8 and 4.8 W/(m2 K). Further-
more, the total heat transfer coefﬁcient ranges from 7.8 to 9.3 with
an average value of 8.5 W/(m2 K) [22,24–31]. For TABS with ceiling
panel, the heat transfer around the slab surface will be much more
complex. From the previous studies, it is not possible to provide
indicative results for this kind of system.
In this paper, an experimental set-up is built in a way to repre-
sent, as good as possible, the characteristics of a typical ofﬁce room
equipped with this new system, and different combinations of nat-
ural ventilation and TABS are considered in order to remove the
heat loads. The tests measure the thermal conditions in the room
and thermal parameters of TABS under steady-state conditions. The
thermal performance of TABS is investigated including the cooling
capacity of TABS and the heat transfer coefﬁcient of the radiant
slab surface. The analysis includes the inﬂuence of ceiling panel
on the heat transfer between TABS and room space as well as the
cooling components from the diffuse ceiling. The main focus of this
study is to provide further experimental information for a better
understanding of the heat transfer phenomenon of TABS with the
inﬂuences from the diffuse ceiling panel and the ventilation inside
the plenum.
2. Experimental descriptions
2.1. Studied system
In order to investigate the cooling performance of this new sys-
tem as well as the thermal performance of TABS with and without
the inﬂuence of diffuse ceiling panel, the tests are classiﬁed into two
groups as depicted in Fig. 2. The ﬁrst group covers cases without dif-
fuse ceiling panel, which are considered as the reference cases. The
second group covers cases with diffuse ceiling panel, representing
the new system studied.
Fig. 3 presents the geometry of the hollow core concrete
slab constituting TABS. There are four concrete slabs used in the
tests, each of which has the dimensions of 3.56 m (length) × 1.2 m
(width) × 0.2 m (thickness). The plastic water pipes have a
Fig. 4. Diffuse ceiling panel.
diameter of 0.02 m with a thickness of 0.002 m.  Water pipes are
very close to the slab surface with a distance of 0.014 m,  result-
ing in a faster thermal response. The air cavities inside the concrete
slab are irregular. These large hollow areas not only reduce the con-
crete material used, but they also decrease the heat transfer from
the water side to the upper surface.
The ceiling panel, known as a cement-bounded wood wool
panel, is made of wood and cement. Fig. 4 depicts the panel used in
our measurements, with a thickness of 0.035 m.  This type of panel
is mounted as one of the typical acoustic ceilings for ensuring an
acceptable sound environment in buildings. What is more, this ceil-
ing panel is penetrable to air and named as diffuse ceiling [32]. Air
can go through this panel, depending on the pressure drop. The
pressure drop of an individual ceiling panel is less than 1.0 Pa for
an air ﬂow rate within 63.0 m3/h m2 panel area, according to the
measured results in Ref. [33]. Since a small crack is unavoidable
between two panels and is air permeable, the pressure drop of the
whole ceiling consisting of several panels and cracks is even lower
[34]. For the typical climate in Denmark, the annual mean wind
speed is about 4.4 m/s, resulting in a higher pressure difference
of above 3.5 Pa in buildings with natural ventilation [35]. There-
fore, this low pressure drop of diffuse ceiling makes it feasible to
combine the diffuse ceiling inlet with natural ventilation.
Thermal conductivities of the ceiling panel and the concrete
used in the slab are measured using the commercially available
hot plate apparatus type EP 500 [36], and these measurements are
used to evaluate the heat transmission through the ceiling panel
and the concrete slab. The measured values are 0.09 W/(m K) and
1.8 W/(m K) for the ceiling panel and the concrete, respectively.
2.2. Test chamber
The test chamber, consisting of a cold chamber and a hot cham-
ber, is a strongly insulated wooden structure. To simulate a typical
Fig. 3. Geometry of the concrete slab (unit: mm).
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Fig. 5. Geometry of the test chamber with ceiling panel (unit: mm).
ofﬁce room, a test room in the hot chamber is constructed with
the dimensions of 4.8 m (length) × 3.3 m (width) × 2.72 m (height,
from concrete slab surface to ﬂoor surface) as shown in Fig. 5. For
cases with ceiling panel, the diffuse ceiling is installed at a height of
2.335 m,  consisting of suspension proﬁles and acoustic ceiling pan-
els. The plenum height is about 0.35 m after mounting the ceiling
panel.
The hot chamber involves three zones: the test room, the upper
zone and the surrounding zone. The upper zone simulates an iden-
tical ofﬁce room above the test room, and an Air-Handling Unit
(AHU) inside ensures the same temperature in the test room. A
layer of rock wool with a thickness of 0.045 m is placed on the ﬂoor
of the upper zone, representing the insulation above the concrete
slab. The surrounding zone encloses the hot chamber. The circulat-
ing air in this surrounding zone, with the same temperature as in
the test room, reduces the energy loss to the outside.
In order to get controllable outside conditions, the cold cham-
ber is built connecting to the hot chamber. They are separated
by a highly insulated facade with a thickness of 0.33 m,  as shown
in Fig. 6. One big window (2.4 m × 1.8 m)  and one small window
(2.4 m × 0.3 m)  are located in the facade, and the calibrated U-value
of the wall with windows is 0.71 W/(m2 K) [33]. The inside AHU con-
trols the conditions in the cold chamber, and it is able to maintain
an outside environment with a temperature range from −8 ◦C to
32 ◦C.
Real natural wind is not easily available and controlled in the
lab. Alternatively, natural ventilation is simulated by the air circu-
lation in the cold and hot chambers through the small window and
the room exhaust in this study. This exhaust is located in the lower
corner of the facade, with a diameter of 0.16 m.  It is connected to
an oriﬁce and a mechanical fan in the cold chamber, see Fig. 6. The
oriﬁce is intended for measuring the air ﬂow rate. The mechanical
Fig. 6. Elements in the fac¸ ade and the ventilation unit.
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Fig. 7. TABS water circuit in series connection.
fan produces a pressure difference between the cold and hot cham-
bers, which is the driving force of the air circulation. With the effect
of the fan, the air in the cold chamber can be sucked from the small
window opening on the top of the fac¸ ade into the plenum. Then,
this air circulates in the plenum and goes through the diffuse ceil-
ing to cool the lower room space. Finally, this air returns back to the
cold chamber through the exhaust, and is brought to the speciﬁed
temperature again by the AHU inside the cold chamber.
2.3. Water circuit
The hydraulic circuit between slabs is connected in series. The
supply water circuit primarily includes two pumps, an electronic
three-way valve and a heat exchanger (for cooling). A water mass
ﬂow rate meter and an air release valve are located on the return
water circuit. The electronic three-way valve controls the water
temperature through the sensors placed at the supply and return
water pipes. The water ﬂow rate is controlled by the valve after
the supply water pump. The water circuit is connected to a chiller
outside the lab for cooling and to an electric-heater inside the lab
for heating. Fig. 7 shows the operation principle of the active slabs
and connections.
2.4. Heat sources
In order to reproduce a real ofﬁce environment, manikins and
computers are located in the middle of the test room together with
the desk lights (Fig. 12). Table 1 lists the detailed power of all heat
sources. To simulate the solar radiation, an additional electric car-
pet with the dimensions of 3.3 m × 0.8 m is placed on the ﬂoor at
a distance of 0.3 m from the facade. This study considers two  heat
load levels: low and high. A low heat load with heat sources exclud-
ing the electric carpet is about 28.4 W/m2 ﬂoor area. Whereas a high
heat load level considering solar radiation indicates that all heat
sources are used, with a heat load of about 57.7 W/m2 ﬂoor area.
Table 1
Power of heat sources.
Type Power (W)  Type Power (W)
Manikin 1 Manikin 2
Ventilator 33.0 Ventilator 31.0
Heating 67.0 Heating 69.0
Computer 1 55.0 Desk lighting 1 54.0
Computer 2 45.0 Desk lighting 2 59.0
Monitor 1 21.5 Electric carpet 464.0
Monitor 2 16.0
2.5. Measurements
Temperatures are measured at 166 points with thermocouples,
and the points considered are the followings:
- Internal surfaces temperatures (room internal walls, ﬂoor, win-
dows, ceiling panel, concrete slab, plenum internal walls) are
measured by thin thermocouples. They are attached to the sur-
faces using the thermal paste and a small piece of tape. Fig. 8
shows the measuring points on the internal walls, the fac¸ ade and
the ﬂoor. For each slab, three measuring points are placed in the
middle of the lower surface (Fig. 7), while one measurement is
made in the middle of the upper surface. In total, 18 measuring
points for both surfaces of ceiling panel are evenly distributed,
see Fig. 11. The surface temperature is the average value of all
measuring points on that surface.
- Water temperatures are measured at ﬁve points along the water
pipes (Fig. 7). Since the energy loss from the water pipes out-
side the test room cannot be neglected, both supply and return
water temperature measuring points are located in pipes inside
the room. These measurements together with the water mass
ﬂow rate are used to derive the total cooling/heating capacity
of TABS and the individual cooling/heating capacity of each slab.
- Air temperatures in the test room are measured by thermocou-
ples placed on three special movable columns which are moved
to 12 different positions. Each column contains seven thick ther-
mocouples for air temperatures and six anemometers for air
velocities at different heights above the ﬂoor. Column positions
are shown in Fig. 9, and a detailed measuring column is depicted
in Fig. 10. The room air temperature is the arithmetic average
of 84 measured values at different heights and positions. Fig. 11
shows the measuring points in the plenum for cases with ceiling
panel, including measurements for air temperature, air velocity
and air pressure, and all sensors are placed at the middle height of
the plenum. These air pressure measurements together with two
Fig. 8. Wall temperature measuring points.
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Fig. 9. Measuring positions in the room (unit: mm).
Fig. 10. Measuring points on the column (unit: mm).
pressure measuring points in the test room provide the results
of the pressure drop for the whole diffuse ceiling, as described in
Ref. [33]. Air temperatures in the lab, cold chamber, upper zone
and surrounding zone are measured as well. One measuring point
is located in the lab, while two points are located in each of the
other two zones, respectively. One thermocouple is placed in the
Fig. 11. Measuring points in the plenum.
middle of each small window opening, and totally there are three
points for measuring the inlet air temperature. The control sys-
tem is tuned to make the air in the cold box well-mixed, and
these three inlets only have a maximum temperature difference
of 0.15 ◦C. The exhaust air temperature is measured in the exhaust
duct.
Since a grey globe sensor with a diameter of 3–5 cm can
accurately measures the operative temperature, a grey painted
ping-pong ball is used as the operative temperature sensor [37,38].
This sensor is placed along the middle of the room (as A-2, B-2, C-2,
D-2 in Fig. 9) at the height of 1.1 m,  and the mean value of them is
taken as the room operative temperature.
The power consumptions of all heat sources are measured by
watt-meters. The mass ﬂow rates of TABS are measured using the
ﬂow meter-Brunata placed on the return water pipe (Fig. 7). The
ventilation air volumes are measured with the help of an oriﬁce in
the exhaust duct and a micro-manometer.
All thermocouples used in the experiments are type K thermo-
couples and are connected to two  Fluke Helios Plus 2287A data
loggers. The stability of the temperature in all zones is relatively
good for all the tests. The maximum variation of all temperatures
during the testing period is lower than 0.1 K after the stabilization
of 8 h at least. To improve the precision of the measurement sys-
tem, in particular for temperatures, velocities and water ﬂow rates,
a suited calibration procedure has been carried out before the test.
The procedure includes the calibrations of thermocouples, water
ﬂow meter and anemometers. The calibration of both thick and thin
thermocouples is performed with instruments including the Fluke
Helios Plus 2287A data logger, PT 100, the ice point reference, the
isothermal box and the precision meter. The details can be found in
Ref. [40]. The water ﬂow meter is calibrated with devices including
the water ﬂow meter-Brunata, the water weight, the Brüel & Kjær
Strain indicator, and a stop watch. The principle is to compare the
readings from water ﬂow meter and the measured values under the
certain water weights and periods. The calibration of anemometers
is carried out in a small wind tunnel. By changing the wind speed,
the velocities recorded by an anemometer and the values measured
by a micro-manometer are compared.
2.6. Test conditions
Two groups of measurements as shown in Fig. 12 are presented
in this study. The typical climates (including extreme winter, nor-
mal  winter, transitional seasons, normal summer, and extreme
summer) during the whole year are simulated in the cold cham-
ber and are determined as the boundary conditions of the tests.
Internal heat loads are kept at the low level (28.4 W/m2) and the
high level (57.7 W/m2), corresponding to the ventilation air of 2
ACH (86.2 m3/h) and 4 ACH (172.3 m3/h), respectively. The heat
gain/loss from ventilation is almost ﬁxed under the designed condi-
tion. Consequently, the water temperature and the mass ﬂow rate
of TABS are adjusted to maintain the design temperature of the
room.
All designed test conditions are listed in Table 2, and the real
measurements have small deviations from the designed conditions.
In Table 2, the negative/positive proportion (rate to the heat load)
means a heat loss/heat gain in the test room from natural ventila-
tion (NV) and TABS. Take Case 1 for example, the internal heat load
is 28.4 W/m2 and has the proportion of +100%. Ventilation with 2
ACH brings a heat loss of 56.8 W/m2, corresponding to the propor-
tion of −200%. To maintain the designed room temperature, TABS
are required to supply the extra heat with the proportion of +100%,
corresponding to a heat load of 28.4 W/m2.
All tests have been carried out under steady-state conditions.
Before the test, all cases are stabilized for at least 8 h. Due to the
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Fig. 12. Set-up in the test room.
thermal mass effect of constructions, it takes approximately two
days for cases without diffuse ceiling to reach steady state. For
cases with diffuse ceiling, it takes even longer. Data is logged with
a frequency of 0.1 Hz (every 10 s).
3. Experimental results and analyses
3.1. Experimental results
The summaries presented in Tables 3 and 4 list the primary
results of the 20 test cases.
3.2. Energy balances
Since many factors inﬂuence the thermal performance of the
system, the accuracy of all tests should be checked with an energy
balance analysis. For the evaluation of the energy balance, it is
assumed that the heat injected into the room is positive while the
heat removed from the room is negative.
3.2.1. Heat transmission from TABS to the test room
Although the insulation layer reduces the heat loss from TABS
to the upper zone, this heat loss should be deducted from the total
energy delivered by TABS to have an accurate analysis. Therefore,
the heat transmission from TABS to the test room can be derived as
Q˙TABS = Q˙TABS-tot − Q˙TABS-up (1)
For steady-state conditions, the energy delivered by TABS can
be calculated using the following expression:
Q˙TABS-tot = Cpw · M˙w · (twsu − twre) (2)
Since the upper surface temperature of TABS is evenly dis-
tributed due to the effect of insulation and stable conditions in the
upper zone [39], the mean upper surface temperature of all slabs is
used to calculate the heat loss to the upper zone.
Q˙TABS-up = Uinsulation · A · (tsur − tau) (3)
3.2.2. Heat loss/gain from natural ventilation
Since air temperatures do not change a lot in the two cham-
bers, it is assumed that the air density keeps constant. Thus, heat
loss/gain from natural ventilation can be calculated using the fol-
lowing equation:
Q˙NV = Cpa ·  · ACH · V · (tain − taex) (4)
3.2.3. Heat transmission from constructions
Heat transfer between the test room and the surrounding zone
through interior walls and the ﬂoor still exists even though the
test room and the surrounding zone have an identical air tempera-
ture, which is attributed to the different surface temperatures. The
similar case for the slab ceiling occurs when TABS is not activated.
Essentially, the heat transfer between the test room and the sur-
rounding zone through interior walls and the ﬂoor is very small,
since they have a low U-value of the construction and the surface
temperature difference between both sides is small. However, the
Table 2
Designed cases.
Heat load
level
ACH (h−1) Proportion
of NV (%)
Proportion
of TABS (%)
Cold chamber air
temperature (◦C)
Room air
temperature (◦C)
Without diffuse
ceiling
With diffuse
ceiling
Low 2 −200 +100 −8 24 Case 1 Case 11
2  −100 0 9 24 Case 2 Case 12
2  −50 −50 15 24 Case 3 Case 13
2  0 −100 24 24 Case 4 Case 14
2  +50 −150 32 24 Case 5 Case 15
High  4 −200 +100 −8 24 Case 6 Case 16
4  −100 0 9 24 Case 7 Case 17
4  −50 −50 15 24 Case 8 Case 18
4  0 −100 24 24 Case 9 Case 19
4  +50 −150 32 24 Case 10 Case 20
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Table 3
Experimental results of cases without diffuse ceiling panel.
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10
te (◦C) −7.10 9.21 15.79 23.82 31.63 −6.87 8.92 15.59 23.89 31.36
tain (◦C) −7.58 9.71 16.47 24.19 31.76 −7.23 9.50 16.10 24.25 32.12
taex (◦C) 22.17 23.57 24.12 24.66 24.67 20.16 23.65 23.64 24.07 24.55
tsurd (◦C) 24.28 24.03 24.14 24.19 24.04 24.22 24.11 24.16 23.96 24.03
tau (◦C) 24.75 24.24 24.10 24.18 24.11 24.62 24.11 24.24 24.10 24.13
ta (◦C) 24.94 24.83 24.83 24.76 24.98 23.13 25.13 24.52 23.52 24.61
top (◦C) 24.63 24.80 24.68 24.46 24.57 23.25 25.41 24.46 23.29 24.12
tsfa (◦C) 21.26 22.89 23.78 24.28 24.25 20.27 24.44 24.00 23.78 24.69
tslw (◦C) 25.90 24.91 24.69 24.45 24.35 24.86 25.45 24.32 22.75 23.43
tsiw (◦C) 26.27 24.77 24.29 23.99 23.42 25.07 25.07 23.64 21.96 22.32
tsrw (◦C) 25.89 24.70 24.69 24.47 24.18 24.87 25.41 24.24 22.79 23.23
tsﬂ (◦C) 24.85 24.50 24.32 24.14 23.95 24.44 25.83 24.88 23.09 23.68
twsu (◦C) 36.38 – 21.61 17.29 14.99 38.91 – 17.27 10.95 7.45
twrd (◦C) 32.21 – 22.93 20.49 18.40 35.20 – 20.50 14.22 11.15
tw (◦C) 4.17 – 1.32 3.21 3.40 −3.70 – 3.23 3.26 3.69
M˙w (kg/s) 0.037 – 0.040 0.039 0.056 0.058 – 0.039 0.076 0.094
ACH  (h−1) 2 2 2 2 2 4 4 4 4 4
Q˙hs (W) 450.50 450.50 450.50 450.50 450.50 914.50 914.50 914.50 914.50 914.50
Q˙fa (W) −139.62 −67.35 −39.35 −2.28 36.34 −133.59 −76.37 −41.36 0.57 32.84
Q˙NV (W) −852.66 −397.02 −219.22 −13.40 203.01 −1569.55 −810.76 −432.24 −19.97 433.91
Q˙TABS (W) 556.45 – −202.09 −472.89 −726.22 772.75 – −478.35 −921.14 −1305.72
Q˙iw + Q˙ﬂ (W) −14.70 −6.97 −3.63 −0.72 0.66 −6.01 −13.49 −1.16 13.31 8.77
Q˙ceil (W) – −7.62 – – – – −16.66 – – –
Q˙ (W) −0.02  −28.47 −13.78 −38.79 −35.71 −21.90 −2.78 −38.61 17.68 84.31
Q˙ (%) −0.01 −6.32 −3.06 −8.61 −7.93 −2.40 −0.30 −4.22 1.93 9.22
Q˙TABS/Q˙TABS-tot (%) 85.41 – 92.20 90.60 91.76 86.10 – 90.43 89.00 90.27
heat transfer from the fac¸ ade is relatively larger, due to the larger U-
value of the fac¸ ade with windows and higher surface temperature
difference between both sides. The heat transmission from con-
structions (facade, ceiling, ﬂoor, interior walls) can be calculated
by Eq. (5), where i indicates the construction or the corresponding
zone.
Q˙i = Ui · Ai · (ti − tsi) (5)
The calibration before the measurements indicates that U-value
of the fac¸ ade is 0.20 W/m2 K for the net wall and 0.71 W/m2 K for
the wall with windows. When small windows are open for venti-
lation, the U-value of the remaining part (wall and big window)
can be obtained based on the area-weight method. Finally, the
U-value of 0.61 W/m2 K is derived to calculate heat transmission
from the fac¸ ade. The U-value for both interior walls and the ﬂoor is
0.2 W/m2 K, while it is 0.9 W/m2 K for the concrete slab.
3.2.4. Total heat balance
Based on the above terms, the sensible heat balance of the test
room can be evaluated by Eq. (6) and the heat unbalance rate is
Table 4
Experimental results of cases with diffuse ceiling panel.
Case 11 Case 12 Case 13 Case 14 Case 15 Case 16 Case 17 Case 18 Case 19 Case 20
te (◦C) −6.87 9.46 15.28 24.10 32.01 −7.23 9.41 15.32 24.07 31.99
tain (◦C) −7.03 8.95 14.97 23.89 31.91 −7.82 8.49 14.88 24.18 32.06
taex (◦C) 24.12 26.36 25.33 24.88 24.40 24.21 25.92 24.64 26.85 28.92
tsurd (◦C) 24.15 24.17 23.96 24.13 23.97 24.04 24.05 23.93 23.98 23.89
tau (◦C) 24.21 27.47 24.09 24.14 24.11 24.90 24.06 24.18 24.97 24.18
tap (◦C) 20.09 17.56 16.10 15.19 14.59 10.84 12.42 12.62 15.82 19.56
ta (◦C) 25.12 26.81 25.60 25.16 24.55 24.22 25.96 24.19 26.25 28.44
top (◦C) 24.51 26.47 25.27 24.73 24.18 24.04 25.70 23.95 26.10 28.15
tsfa (◦C) 22.05 24.94 24.32 24.48 24.55 22.25 25.45 24.42 26.95 29.42
tslw (◦C) 24.74 26.39 25.27 24.72 24.14 23.98 25.47 23.77 25.77 27.86
tsiw (◦C) 24.67 26.07 24.85 24.16 23.50 23.53 24.64 22.80 24.75 26.77
tsrw (◦C) 24.65 26.10 24.92 24.49 23.95 23.46 25.10 23.31 25.36 27.52
tsﬂ (◦C) 24.21 25.99 24.62 24.29 23.78 23.93 26.50 23.77 25.93 27.91
twsu (◦C) 30.89 – 13.75 8.10 5.12 35.63 – 6.78 4.27 4.50
twre (◦C) 27.37 – 15.33 10.43 7.72 28.98 – 8.99 7.32 8.52
tw (◦C) −3.53 – 1.59 2.32 2.61 −6.65 – 2.22 3.04 4.02
M˙w (kg/s) 0.038 – 0.037 0.062 0.083 0.038 – 0.056 0.080 0.080
ACH  (h−1) 2 2 2 2 2 4 4 4 4 4
Q˙hs (W) 450.50 450.50 450.50 450.50 450.50 914.50 914.50 914.50 914.50 914.50
Q˙fa (W) −135.91 −72.75 −42.51 −1.81 35.04 −138.58 −75.38 −42.74 −13.53 12.10
Q˙NV (W) −892.73 −499.00 −297.11 −28.31 215.34 −1835.28 −998.83 −559.44 −152.99 179.81
Q˙TABS (W) 518.62 – −131.24 −429.95 −713.25 1011.44 – −327.80 −810.43 −1170.34
Q˙iw + Q˙ﬂ (W) −3.79 −18.05 −8.73 −2.61 1.20 2.95 −12.71 4.81 −13.56 −33.31
Q˙plenum (W) 1.82 4.14 6.37 8.13 8.58 6.11 8.16 10.16 8.54 5.69
Q˙ceil (W) – 94.56 – – – – 111.14 0.00 – –
Q˙ (W) −61.50  −40.59 −22.72 −4.04 −2.59 −38.86 −53.12 −0.50 −67.48 −91.55
Q˙ (%) −13.65 −9.01 −5.04 −0.90 −0.58 −4.25 −5.81 −0.05 −7.38 −10.01
Q˙TABS/Q˙TABS-tot (%) 92.5 – 53.6 71.9 78.4 94.7 – 63.2 79.5 87.9
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Table  5
Test results of thermal performance of TABS ceiling cooling.
Case 3 Case 4 Case 5 Case 8 Case 9 Case 10 Case 13 Case 14 Case 15 Case 18 Case 19 Case 20
twsu (◦C) 21.61 17.29 14.99 17.27 10.95 7.45 13.75 8.10 5.12 6.78 4.27 4.50
twre (◦C) 22.93 20.49 18.40 20.50 14.22 11.15 15.33 10.43 7.72 8.99 7.32 8.52
M˙w (kg/s) 0.040 0.039 0.056 0.039 0.076 0.094 0.037 0.062 0.083 0.056 0.08 0.087
Q˙c
(
W/m2
)
13.84 32.95 49.96 33.40 65.34 91.32 15.45 37.75 57.42 32.73 64.38 92.34
top (◦C) 24.68 24.46 24.57 24.45 23.29 24.12 17.03 15.04 14.24 12.48 14.81 18.28
LMTD (◦C) 2.35 5.42 7.75 5.40 10.63 14.74 2.22 5.69 7.74 4.51 8.93 11.66
U  (W/m2 K) 5.89 6.08 6.44 6.18 6.15 6.19 6.96 6.63 7.42 7.26 7.21 7.92
NTU  0.56 0.59 0.44 0.60 0.31 0.25 0.71 0.41 0.34 0.49 0.34 0.35
ε  0.43 0.45 0.36 0.45 0.26 0.22 0.51 0.34 0.29 0.39 0.29 0.29
deﬁned as Eq. (7). For cases with ceiling panel, the heat transmission
from plenum interior walls is calculated separately using the same
method as given in Section 3.2.3.
Q˙  = Q˙hs + Q˙NV + Q˙TABS + Q˙fa + Q˙iw + Q˙ceil + Q˙ﬂ (6)
Q˙ = Q˙
Q˙hs
× 100% (7)
The results of heat balance for all cases are listed in
Tables 3 and 4, and the heat unbalance rates are within 10% exclud-
ing cases 11 and 20. The error can be attributed to the data logger
resolution, the composition of thermocouples, the accuracy of the
ice point reference and the calibration procedure. Details can be
found in the technical report from Artmann et al. [40].
3.3. Heat contribution of TABS to test room
Tables 3 and 4 also give the proportion of energy delivered by
TABS to the test room. For TABS without ceiling panel, approxi-
mate 90% of the cooling energy delivered by TABS transfers to the
test room, which shows very good agreement with the proportion
derived by Yu et al. [39] with the same amount of insulation. For
heating cases, the corresponding proportion of energy is about 85%.
This difference in energy proportion results from the higher heat
transfer coefﬁcients at the slab surface for TABS cooling compared
to the heat transfer coefﬁcients in TABS heating.
On the other hand, more than 90% of heating energy for TABS
with ceiling panel is supplied to the test room, while the propor-
tions of cooling energy transfer are relatively lower. The reason is
that when there is a diffuse ceiling, plenum air temperature will
always be lower than room air temperature in order to cool the
room space. The lower plenum air temperature is beneﬁcial to TABS
heating, but it decreases TABS cooling capacity.
3.4. Thermal performance of TABS
Since there are just four cases—two with ceiling panel and two
without ceiling panel for TABS heating, it would be insufﬁcient to
evaluate the thermal performance of TABS heating. Thus, this study
primarily focuses on the thermal performance of TABS cooling.
3.4.1. Total cooling capacity
In order to assess the system performance of TABS, a model
considering the cooling ceiling under steady-state conditions is
introduced [41]. The heat transfer coefﬁcient and the log mean tem-
perature difference (LMTD) between water side and room side can
be calculated as
U =
∣∣Q˙TABS-tot
∣∣
A · LMTD (8)
LMTD =
∣∣∣∣∣
twsu − twre
Ln
((
twsu − top
)
/
(
twre − top
))
∣∣∣∣∣ (9)
For cases without ceiling panel, the measured operative temper-
ature in the lower room is used in Eq. (9). When the ceiling panel
is mounted, the operative temperature is calculated based on the
mean radiant temperature and the air temperature in the plenum.
Similar to the heat exchanger, the effectiveness of TABS cooling
can be deﬁned as follows:
Q˙TABS-tot = ε · cpw · M˙w ·
(
twsu − top
)
(10)
ε = 1 − exp (−NTU) (11)
NTU = A · U
cpw · M˙w
(12)
Using the above equations the system performance can be calcu-
lated, and results are given in Table 5. It can be clearly seen in Table 5
that TABS cooling decreases due to the effect of ceiling panel. That
is to say, a lower water temperature is indispensable for cases with
ceiling panel in order to meet a certain amount of cooling demand.
There is a linear growth of speciﬁc cooling power with LMTD
for both cases with and without ceiling panel, as illustrated by the
two curves in Fig. 13. It has to be noted that the operative temper-
atures for calculating LMTD in Fig. 13 (Figs. 14 and 15 as well) are
distinct. For cases without ceiling panel, the measured operative
temperature in the lower test room is used. For cases with ceiling
panel, the calculated operative temperature in the plenum is used.
Accordingly, the curve for cases with ceiling panel is higher than
that for cases without ceiling panel. The cooling capacity of Case 20
has a large deviation from the power curve. The reason is that the
cooling is insufﬁcient in this case, and condensation occurs at some
Fig. 13. TABS cooling capacity as a function of LMTD.
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Fig. 14. U-value of TABS variation with LMTD.
positions due to the extremely low TABS supply water temperature.
Thus, this case may  be inaccurate.
Fig. 14 gives the U-value of TABS cooling. It can be seen that it
is almost a constant value of 6.2 W/(m2 K) for cases without ceil-
ing panel. On the other hand, it increases smoothly with LMTD for
cases with ceiling panel, and a mean value of 7.2 W/(m2 K) can be
observed. For the latter one, actually it is largely inﬂuenced by the
plenum air and ceiling panel. The U-value for cases with the ceiling
panel is a little higher due to the selection of reference operative
temperature and LMTD.
Fig. 15 presents the effectiveness—ε  of TABS cooling. For both
cases with and without ceiling panel, ε decreases with LMTD. But
for cases with ceiling panel, ε does not decrease further when
LMTD is larger than 8 ◦C. At this limit, TABS has almost reached
the maximum cooling capacity. It does not make any sense to fur-
ther decrease the TABS supply water temperature, and also there
is a potential risk of condensation.
Fig. 15. Effectiveness of TABS variation with LMTD.
Fig. 16. Cooling capacity of each slab with TABS.
3.4.2. Cooling capacity of each slab
Since the water temperature increases along the pipes under
cooling conditions, it is necessary to investigate the cooling capacity
of each slab. Fig. 16 shows the cooling capacity of each slab under
different conditions. Number 1 indicates the slab close to the facade,
and number 4 represents the slab close to the inside interior wall
or near the water inlet. The results reveal that cooling capacities of
the two slabs in the middle are affected by the heat sources located
in the middle of the room and by the ventilation rates for cases
without ceiling panel. A larger heat load needs a higher ventilation
rate, resulting in the nonlinearly increasing pattern. However, this
inﬂuence becomes smaller when ceiling panel is mounted.
3.5. Determination of heat transfer coefﬁcients of TABS cooling
In this study, air ﬂow pattern around the slab surface is very
complicated. Instead of directly evaluating the convective heat
transfer coefﬁcient by measurements or empirical methods, radi-
ant heat transfer coefﬁcient is calculated ﬁrst and the convective
heat transfer coefﬁcient can be derived based on the total room
heat balance.
Using linear approximation, the long-wave radiant heat trans-
fer can be expressed as the product of the temperature difference
(AUST − Ts) and the corresponding radiant heat transfer coefﬁcient
(hr). The reference temperature for calculating radiant heat trans-
fer coefﬁcient is the average unheated surface temperature (AUST)
calculated by using the view factors between surfaces [42,43]. The
emissivity in the calculation is 0.83 for internal wall and ceiling
panel surfaces, and 0.91 for slab and ﬂoor surfaces.
AUST = 4
√√√√
n∑
j=1
(
Fs−jTj
4
)
(13)
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Table  6
Calculated heat transfer coefﬁcients for TABS cooling.
Case 3 Case 4 Case 5 Case 8 Case 9 Case 10 Case 13 Case 14 Case 15 Case 18 Case 19 Case 20
Q˙r 8.05 20.05 27.5 20.87 38.09 51.04 9.56 17.44 21.52 14.37 23.83 27.06
AUST  24.40 24.27 24.05 24.35 22.91 23.51 17.03 14.95 13.90 12.43 13.93 16.75
hr 5.54 5.50 5.46 5.49 5.33 5.29 4.47 4.34 4.26 4.24 4.25 4.36
Q˙conv 4.71 9.81 18.35 9.33 20.06 31.39 0.0 9.71 23.51 6.33 27.34 46.82
hc 2.50 2.38 3.08 2.35 2.59 2.92 0.0 2.28 4.09 1.76 3.65 5.20
top 24.53 24.42 24.39 24.40 23.11 23.91 17.03 15.04 14.24 12.48 14.81 18.28
htot 8.05 7.88 8.53 7.84 7.91 8.21 4.47 6.62 8.35 6.00 7.90 9.56
Fs−j =
1
Ai
∫
Ai
∫
Aj
cos i cos j
R2
dAiAj (14)
Fεs−j =
1[
(1 − εs)/εs
]
+
(
1/Fs−j
)
+
(
As/Aj
)  [(
1 − εj
)
/εj
] (15)
Q˙r =
n∑
j=1
Fεs−j
[(
Tj + 273.15
)4 − (Ts + 273.15)4
]
(16)
hr = Q˙rAUST − Ts (17)
Therefore, the convective heat transfer coefﬁcient can be
deduced based on the following equations:
Q˙conv = Q˙TABSA − Q˙r (18)
hc = Q˙conv
Ta − Ts (19)
In order to get the total heat transfer coefﬁcients, the operative
temperature considering the convective and radiant heat transfer
is taken as the reference temperature, which can be measured or
calculated using Eq. (20). Finally, the total heat transfer coefﬁcient
is derived in Eq. (21).
top = hcta + hrAUST
hc + hr (20)
htot = Q˙TABS
A
(
Top − Ts
) (21)
Table 6 gives the results for heat transfer coefﬁcients of TABS
cooling. The calculated radiant heat transfer for Case 13 is more
than energy delivered by TABS to the test room. This may  be a
result of the test error. In this case, the convective heat transfer
is considered as zero, which likewise occurred in the study con-
ducted by Causone et al. [44] for radiant heating. Table 6 indicates
that the rate of radiant heat transfer to total cooling capacity is
65.5% for independent TABS, which is very close to the value of
2/3 obtained by Miriel [45]. However, this proportion decreases for
TABS with ceiling panel, due to the impact of the ceiling panel and
the increased convective heat transfer.
The data presented in Fig. 17 for TABS without ceiling panel
shows that the radiant heat transfer coefﬁcient has an average
value of 5.44 W/(m2 K), which is very close to the constant of
5.5 W/(m2 K) for radiant cooling system in the previous stud-
ies [22,29,30]. The measured convective heat transfer coefﬁcients
slightly vary with a mean value of 2.64 W/(m2 K), and this value is
lower than that derived in the literature [22,44]. Convective heat
transfer coefﬁcients are lower than radiant ones, meaning that the
radiant heat transfer is dominant in this study despite of the venti-
lation. The total heat transfer coefﬁcient shows a small range with a
mean value of about 8.07 W/(m2 K), which is lower than the value
proposed by Olesen et al. [22] for typical radiant ceiling cooling
system and by other literature [28,31]. The main cause is the lower
convective heat transfer coefﬁcient.
Fig. 17. Heat transfer coefﬁcients for TABS cooling without ceiling panel.
The data depicted for TABS with ceiling panel (Fig. 18) shows
that the radiant heat transfer coefﬁcient almost keeps a constant
value of 4.3 W/(m2 K). This value is signiﬁcantly lower than the typ-
ical value of 5.5 W/(m2 K) for most radiant systems, which may be
attributed to the inﬂuence of the ceiling panel on TABS cooling.
However, ventilation in the plenum apparently increases the con-
vective heat transfer coefﬁcient, compared to the cases without
the ceiling panel. Further, the convective heat transfer coefﬁcient
increases with the ventilation rate and inlet air temperature. The
same increasing pattern for the total heat transfer coefﬁcient is
observed. Actually, even cases with and without the ceiling panel
have the identical total heat transfer coefﬁcient. To deliver the same
Fig. 18. Heat transfer coefﬁcients for TABS cooling with ceiling panel.
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Table 7
Cooling capacity of diffuse ceiling.
Case 13 Case 14 Case 15 Case 18 Case 19 Case 20
Total cooling capacity (W)  −399.25 −446.08 −486.74 −876.57 −887.41 −893.29
Heat  conduction (W) −252.63 −300.46 −316.27 −325.91 −345.97 −326.30
Ventilation (W)  −146.62 −145.63 −170.47 −550.66 −541.44 −566.99
Fig. 19. Cooling heat transfer weight.
amount of energy, TABS with ceiling panel needs a lower water
temperature or a higher water ﬂow rate. The reason is that when the
ceiling panel is mounted, TABS ﬁrstly cools the incoming ventilation
air and the plenum surfaces in order to get sufﬁcient convective and
radiant energy. But the temperatures of air and surrounding sur-
faces in the plenum are always lower than those in the test room.
That is why a lower water temperature is needed to cool them,
compared to cases without ceiling panel.
3.6. Cooling from diffuse ceiling to test room
When the diffuse ceiling panel is mounted, TABS ﬁrstly delivers
cooling to the ventilation air and ceiling panel. Then the cooling
is transferred to the lower test room through ventilation and heat
conduction of ceiling panel. To investigate the respective cooling
capacity, the heat balance of the diffuse ceiling is evaluated using
Eqs. (22)–(24), and results are given in Table 7.
Q˙ceil-t = −
(
Q˙hs + Q˙fa + Q˙iw + Q˙ﬂ
)
(22)
Q˙c-cond =

ı
A
(
tc-up − tc-down
)
(23)
Q˙c−V = Q˙ceil-t − Q˙c-cond (24)
As seen in Fig. 19 the conduction through the ceiling panel
accounts for about 65% in cases with low heat load, whereas it
decreases to about 37% in high heat load cases. The reason is that
the ventilation rate for high heat load cases is twice that of low
heat load cases, leading to the fact that the ventilation cooling has
a higher proportion than conduction for high heat load cases.
4. Conclusions
In this paper, an experimental study has been carried out on the
energy performance of a novel system that combines natural ven-
tilation with diffuse ceiling inlet and TABS. Due to the inﬂuence of
diffuse ceiling, the proportion of cooling energy delivered by TABS
to the test room is decreased compared with that of cases without
ceiling panel. However, the ceiling panel is beneﬁcial to TABS heat-
ing, with a higher proportion (more than 90%) of heating energy
transferred to the test room.
The cooling capacities of TABS with and without ceiling panel
linearly increase with LMTD. The LMTD is calculated based on the
respective air and surface temperatures in the plenum and in the
lower room, respectively. The U-value of TABS keeps more or less
constant in both cases, and the effectiveness of TABS decreases with
LMTD due to the extremely low water temperatures used.
For TABS without the ceiling panel, the radiant heat transfer
coefﬁcient almost keeps a constant value of 5.4 W/m2 K, which
is very close to the value of 5.5 W/m2 K for typical radiant sys-
tems. The radiant heat transfer is dominant because the convective
heat transfer coefﬁcient is lower. When there is a diffuse ceil-
ing, the radiant heat transfer coefﬁcient is reduced to a constant
value of 4.3 W/m2 K. On the other hand, the convective heat trans-
fer coefﬁcient increases with the ventilation rate and the inlet air
temperature.
Actually, the cooling from the diffuse ceiling largely depends
on the ventilation rate and the conduction of the ceiling panel. A
higher ventilation rate induces a higher proportion of cooling from
the ventilation.
The experiments in this study were performed under steady-
state conditions. The water temperatures used in the cases with
ceiling panel were extremely low, which is impossible for TABS in
practical applications. If TABS is passively (TABS un-activated) and
actively (TABS activated) combined with natural ventilation at dif-
ferent time, the heat storage capacity of TABS can be exploited and
the common TABS operation with higher supply water temperature
will be suitable for this combined system. Besides, a previous test
on the response time shows that the TABS used in the present study
has a long response time—about 5 h to reach 63% of the total cooling
capacity [33], which raises doubts on the steady-state measure-
ments for representing the real conditions. Therefore, it is essential
to further investigate the dynamic energy performance of this sys-
tem. Furthermore, the measurements in the lab cannot reproduce
all the practical applications. Additional work regarding dynamic
operations and optimized control strategies of this system should
be performed by building simulation as well.
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Abstract: This paper studies the dynamic cooling performance of a novel system combining natural 
ventilation with diffuse ceiling inlet and thermally activated building systems (TABS). This system 
is tested in the lab under three climatic conditions representing typical days in Denmark, including a 
typical winter day, a typical day in the transitional season and a typical summer day. The 
corresponding dynamic control strategies for these three cases are designed in the measurements. In 
the winter case, TABS have to be activated for two hours to supply extra heating to ensure a 
comfortable indoor environment. In the case representing the transitional season, changing the 
ventilation rate during both occupied and un-occupied hours can ensure the thermal autonomy of 
the room and no extra heating or cooling from TABS is needed. In the summer case, the free 
cooling potential of ventilation air is limited due to the relatively high inlet air temperature. 
Therefore, TABS are activated for ten hours to supply the extra cooling. Due to the use of the 
diffuse ceiling, the whole-body and local thermal comfort conditions are quite good in the 
measurements. The dynamic measurements in the paper are beneficial to the future design and 
application of this system. 
 
Keywords: Natural ventilation; Thermally activated building systems (TABS); Diffuse ceiling inlet; 
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Nomenclature 
ACH room air change rate (h
-1
) 
DR draught rate (%) 
PD percentage dissatisfied (%) 
 unbalance rate to heat sources (%) 
 heat exchange between test room and cold box (Wh/day) 
 energy use of electric carpet (Wh/day) 
 heat exchange between test room and other zones (Wh/day) 
 energy use of two computers and two monitors (Wh/day) 
 energy use of all internal heat sources (Wh/day) 
 energy use of two desk lights (Wh/day) 
 energy use of two manikins (Wh/day) 
 heat exchange between test room and surround zone (Wh/day) 
 energy delivered by TABS (Wh/day) 
 heat exchange between test room and upper zone (Wh/day) 
 ventilation heat transmission (Wh/day) 
 local air temperature (°C) 
 local turbulence intensity (%) 
 local mean air velocity (m/s) 
 error of total heat balance (Wh/day) 
 vertical air temperature difference between head and feet (°C) 
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1. Introduction 
Energy use in the building sector accounts for approximately 40% of the total energy use 
around the world. Recently, energy saving issues in the building sector have attracted attention of 
the whole world. Different kinds of energy policies and energy plans have been made around the 
world, with the same objective of reducing the energy use and CO2 emissions in the building sector 
without compromising a comfortable and healthy indoor environment. The solutions to reduce the 
energy depletion can be classified into two groups: the building itself and the thermal systems. 
Buildings with a certain amount of thermal mass and a suitable façade can adjust the temperature 
fluctuation and store excessive heat gains, thus an acceptable thermal environment may be kept 
without any energy use. These buildings are considered as thermally autonomous buildings [1]. If 
the building itself cannot maintain the comfortable indoor environment, additional thermal systems 
are indispensable. However, the ordinary fossil energy sources are increasingly unpopular in the 
building thermal systems. Alternatively, many possibilities of using renewable energy sources in the 
thermal systems have been studied, such as natural outside air, ground sources and solar sources. 
These kinds of sustainable energy sources have low energy grade but with high energy efficiency 
compared to the fossil sources.  
Natural ventilation can remove part of the internal heat gains and alleviate the room 
temperature fluctuation with the effect of building thermal mass [2-5]. Whereas, there are very few 
studies on the cooling potential of natural ventilation in winter, since the draught problem is 
inevitable if outside air is directly supplied to the occupied zone. In order to provide the probable 
cooling demand during the whole year especially in winter for the future Danish office buildings, 
Tao et al. [6] have proposed a novel system combining natural ventilation with diffuse ceiling inlet 
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and thermally activated building systems (TABS). Firstly, outside air is supplied to the plenum, after 
circulating in the plenum this air passes through the diffuse ceiling to cool down and ventilate the 
lower room space. Due to the application of diffuse ceiling inlet, the draught risk in winter can be 
avoided even if the outside air with extremely low temperature is supplied. While in summer, air 
with higher temperature can be cooled down by the concrete thermal mass. Besides, TABS can 
provide the extra heating and cooling needs during extreme seasons and peak hours. In principle, 
this combined system is capable of utilizing natural ventilation to fulfill the demands of cooling and 
ventilation all the year around, and therefore, has the potential to considerably reduce the energy 
use. The schematic diagram of this solution is illustrated in Fig. 1. 
(Figure 1) 
A steady-state study on the energy performance of this system was carried out in the previous 
paper [7]. The results showed that the diffuse ceiling panel had a significant influence on the 
cooling/heating capacity of TABS. Since the plenum behaves as a buffer zone, the plenum air 
temperature is always lower than the room air temperature in order to provide the sufficient cooling 
capacity through natural ventilation. Compared with those cases without ceiling panel, this low 
plenum temperature is beneficial to TABS heating capacity but decreases TABS cooling capacity, 
demanding lower supply water temperatures for both TABS heating and cooling modes. However, 
the steady-state conditions cannot represent the practical applications, where the system is under 
dynamic operation. TABS and natural ventilation can be combined at different periods to remove 
the heat gains and ensure the comfortable room environment. In such dynamic conditions, TABS 
may work better, with relatively higher water temperatures for cooling.  
Most previous studies [8-14] mainly focused on the dynamic energy performance of single 
TABS or ventilation assisted TABS. Very few investigations have been carried out for the acoustic 
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ceiling fully covered TABS. The ventilation air in these studies was provided by mechanical 
cooling/heating rather than natural ventilation. Due to the diffuse ceiling panel, natural ventilation 
directly interacts with TABS, resulting in a more complex thermal phenomenon inside the plenum. 
Besides, the different combinations of natural ventilation and TABS will result in different dynamic 
energy performances. Therefore, detailed analyses of control strategies under different climates are 
significant.  
In this paper, an experimental set-up is built in a way to represent, as good as possible, the 
dynamic characteristics of a typical office room environment with this new system. The control 
strategies with respect to the combinations of natural ventilation and TABS are tested for different 
typical climates (typical winter, typical transitional season and typical summer). The control 
strategies consider both passive and active use of TABS, and get the utmost utilization of cooling 
potential from natural ventilation. In the tests, thermal conditions in the room and thermal 
parameters of TABS are measured under quasi-steady state conditions. Dynamic thermal 
performance of the system is investigated as well as the thermal comfort in the test room. The main 
focus of this study is to provide cooling performance information for the dynamic operation of this 
system, and the results will be beneficial to the future design and application of this system.  
2. Experimental descriptions 
2.1.  Experimental set-up 
The test chamber consists of a cold chamber and a hot chamber, and the geometry of the test 
chamber is depicted in Fig. 2. The cold chamber can simulate the outside environment with a 
temperature range from -8 ℃ to 32 ℃, using the Air Handle Unit (AHU) inside. The hot chamber 
comprises the test room (4.8 m×3.3 m×2.72 m), the upper zone and the surrounding zone. The 
test room is set up as a real office environment, while the upper zone is conditioned as an office 
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room above the test room. The surrounding zone covers the whole hot chamber with circulating air, 
in order to reduce the heat loss from test chamber to the surroundings. The diffuse ceiling made of 
cement-bounded wood wool panels with a thickness of 0.035 m is placed at the height of 2.335 m. 
The space between the concrete slab and the diffuse ceiling is considered as a plenum, with a height 
of 0.35 m. The cold and hot chambers are separated by a façade, where a small window (2.4 m×0.3 
m) and a big window (2.4 m×1.4 m) are located. The concrete slab has a hollow core structure, and 
water pipes constituting TABS are embedded in the slab with a distance of 0.014 m to the lower 
slab surface. The set-up in the test room is shown in Fig. 3, and more details about the test chamber 
and the TABS water circuit are described in Ref. [7]. 
(Figure 2) 
(Figure 3) 
Natural ventilation is not easily available and controlled in the lab. Alternatively, natural 
ventilation is simulated by the air circulation between the cold chamber and the test room through 
the small window and the room exhaust, and the driving force is from a mechanical fan [7]. The fan 
is connected to the exhaust of the room, and induces a pressure difference between the cold and hot 
chambers. The exhaust of the room is located at the lower corner of the façade. Air in the cold 
chamber is handled to the specified outdoor temperature, and this air enters into the plenum through 
the small window. After circulating in the plenum, this air passes through the diffuse ceiling and 
cools down the lower test room. Finally, this air returns back to the cold chamber through the room 
exhaust.  
2.2.  Dynamic test conditions 
In the dynamic tests, the primary influence factors are studied, including the outside air 
temperature, the internal heat load and the solar radiation. The designed cases are shown in Table 1 
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and the determination of the climate of typical days is based on the Danish Reference Year [15]. 
The typical winter day represents an average day in January, and a cloudy sky is assumed without 
any solar radiation. The typical day in the transitional season is an average day in May, and a partly 
cloudy sky is assumed with varying solar radiation. The typical summer day represents an average 
day in July, and a totally clear sky is assumed with the maximum solar radiation. Considering the 
dynamic conditions, a sinusoidal pattern depicted in Fig. 4 is designated for the outside air 
temperatures.  
(Table 1) 
(Figure 4) 
The internal heat sources involve two desk lights, two computers, two monitors and two 
manikins, which are switched on from 9:00 to 17:00 in all cases. The detailed power consumption 
of the internal heat sources are shown in Table 2, with a heat load level of approximately 30.0 W/ 
m
2 
floor area. In order to simulate the solar radiation, an additional electric carpet with the 
dimensions of 3.3 m×0.8 m is placed 0.2 m from the facade. A profile with the varying solar load is 
designed as the input for the carpet. In this experiment, the net glass area ratio to window area is 
0.85 and the g-value is 0.5. The shading factor is assumed as 0.8. Thus, the power consumption of 
the carpet corresponding to the solar heat gain in the room is calculated, and the varying solar load 
is presented in Fig. 5.  
(Table 2) 
(Figure 5) 
2.3.  Control strategies tested 
In the dynamic measurements, the main control parameters are the operation time of TABS, the 
ventilation rate and ventilation time. The control strategy should include both passive and active use 
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of TABS, and the main objective is to get the utmost utilization of cooling potential from ventilation. 
Different control strategies should be applied in the distinct climates, and the basic control is based 
on both room air temperature and outside air temperature. Two PT-100 sensors are placed on the 
Column 5 (as in Fig. 9) at a height of 1.1 m, where the measured temperature is close to the room 
average according to the steady-state tests [7]. The ventilation is controlled by the mechanical fan, 
which in turn is controlled by one of the PT-100 sensors. Another PT-100 is responsible for the 
activation of TABS.  
To meet the indoor air quality, a minimum ventilation requirement for each occupant is 36 m
3
/h. 
Therefore, the minimum ventilation in the dynamic measurements is 72 m
3
/h, corresponding to an 
ACH of 1.7 h
-1
. The maximum ventilation rate is flexible in each case in order to use the ventilation 
cooling at the maximum level, but cannot be higher than 387.8 m
3
/h (ACH=9 h
-1
). This is due to the 
limitation of fan control and the consideration of the available maximum natural ventilation in the 
real applications. When there is a heating need of TABS, the ventilation rate should be kept at the 
minimum, and TABS are activated for heating. When there is a cooling need of TABS and if the 
outside air temperature is suitable for cooling, then firstly the ventilation rate is increased until the 
maximum, and secondly TABS are activated for cooling. However, if the outside air temperature is 
higher than room temperature, then the ventilation rate should be kept at the minimum and TABS 
are used for cooling.  
When TABS are activated in the dynamic measurements, it is better to activate TABS before 
the occupied hours, since the TABS used in our measurements have a long response time [16]. For a 
better control the water flow rate is kept a constant rate of 0.037 kg/s, corresponding to the 
recommended water velocity for the TABS in our case. The supply water temperature is kept at 
32 ℃ for heating and 16 ℃ for cooling. Therefore, only the operating time of TABS is changed 
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in the measurements.  
The initial control strategies used in the dynamic measurements are designed in Figs. 6-8.  
(Figure 6) 
(Figure 7) 
(Figure 8) 
2.4.  Measurements 
In this study the primary focuses are the energy balance and the thermal comfort of all cases 
using the corresponding control strategy. The measured parameters include the air temperature, the 
operative temperature, the surface temperature, the water flow rate and temperature, the ventilation 
air flow rate, the air velocity and the power consumption of heat sources.  
(Figure 9) 
Six columns are placed in the test room at the fixed positions shown in Fig. 9, and five 
anemometers are placed on each column at the height of 0.1 m, 0.6 m, 1.1 m, 1.7 m and 2.3 m. The 
anemometers are calibrated before the tests, therefore, they are able to measure the air temperature 
and the air velocity in the test room simultaneously. Air velocity is measured with an instrument 
accuracy of ±5% and the uncertainty of air temperature is ±0.1 ℃. 
For the measurements of all the other temperatures, type-K thermocouples are used and 
recorded by a Fluke Helios Plus 2287A data logger. These tests involve the air temperatures (in the 
cold chamber, the upper zone, the surrounding zone and the plenum), the room operative 
temperature, the internal surface temperatures (room surfaces, plenum surfaces and slab surfaces), 
the water temperatures, the inlet and exhaust air temperatures. More details related to the locations 
of all measuring points can be found in the steady-state investigations [7]. Temperature measured by 
type-K thermocouple has a combined instrument accuracy of ±0.1 ℃. 
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The power consumption of all internal heat sources is measured by the Fluke 345 PQ clamp 
meter. The power consumption of electric carpet is calibrated before the tests, and is recorded by the 
PREMA 5017 Precision Multimeter. The water mass flow rate of TABS is measured using the flow 
meter-Brunata placed on the return water pipe, with an uncertainty of ±(2+0.02qp/q)%. The 
ventilation air volume is measured with the help of an orifice in the exhaust duct and a pressure 
difference transformer. This pressure difference transformer is calibrated with a micro-monometer 
before the tests, so it is able to measure the dynamic ventilation rate. Ventilation rate may be 
assessed with a combined instrument accuracy of ±5%. In addition, temperature variations 
throughout the pressure tubes between the orifice and the transformer can cause measurement 
uncertainties, which are difficult to assess. 
To reach the quasi-steady state condition, the system operates repeatedly in each case for several 
days until a very small deviation of every parameter at the same time of each day is achieved. 
3. Experimental results and analyses 
3.1.  Experimental results 
The data is recorded every second in the measurements, and the results are analyzed every 10 
seconds. Each case is terminated at least three days after reaching the quasi-steady state condition.  
3.1.1. Typical winter day-Case 1 
Table 3 shows the control strategy used in Case 1. TABS heating is activated for two hours 
from 6:00 to 8:00, in order to ensure a comfortable room environment. The measured supply water 
temperature is 31.6 ℃, and the constant water flow rate is 0.036 kg/s. The measured ventilation 
rate is a constant of 70.9 m
3
/h during the occupied hours, with a small deviation from the required 
minimum ventilation rate. 
(Table 3) 
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(Figure 10) 
Figure 10 shows the room temperature measured during the last day. The operative temperature 
measured by the two global sensors is between 20.0-23.0 ℃ during the occupied hours, and the 
minimum occurs at 9:00. This minimum temperature is still within the comfort range in winter [17]. 
Both room air temperature and operative temperature during the un-occupied hours are higher than 
20.0 ℃ due to the activation of TABS heating.  
3.1.2. Typical day in the transitional season-Case 2 
In Case 2, the dynamic operation of the system is measured without any mechanical 
cooling/heating, and Table 4 shows the control strategy used in this case. The main idea in Case 2 is 
to use natural ventilation to the maximum level. Due to the large cooling potential of outdoor air, 
TABS are not activated in this case. The measured ventilation rates are 145 m
3
/h and 285.4 m
3
/h for 
the low and high levels, corresponding to approximately 2 times and 4 times the minimum 
ventilation rate. In order to keep a better control, the mechanical fan is controlled using a step 
setting rather than a continuous regulation. This means the ventilation rate changes from the low 
level to the high level directly, and keeps the constant ventilation rate during the corresponding 
period. The ventilation rate is initially determined by a simple heat balance calculation. 
(Table 4) 
(Figure 11) 
Figure 11 shows the room temperature measured during the last day. The control strategy can 
keep the operative temperature within the range of 21.0-24.0 ℃. The ventilation period is from 
7:00 to 19:00, since during this period the solar heat gain increases the room temperature. The 
ventilation starts at 7:00 and the room temperature drops significantly, which reduces the fluctuation 
of room temperature during the occupied hours. The climatic condition in the transitional season is 
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very suitable for natural ventilation. During the occupied hours when the room temperature exceeds 
24.0 ℃, it is very efficient to increase the ventilation rate to use the natural cooling.  
3.1.3. Typical summer day-Case 3 
Table 5 shows the control strategy in the summer case. Since the cooling potential of outdoor 
air is very limited in this case, the ventilation system is working during the whole day in order to 
utilize the natural cooling as much as possible. But the ventilation rate during the un-occupied hours 
cannot be kept too high, otherwise the environment during the start of working time will be too cold. 
The measured ventilation rates are 216 m
3
/h and 369.7 m
3
/h for the low and high levels, 
corresponding to approximately 3 times and 5.1 times the minimum ventilation rate. The maximum 
ventilation rate used in Case 3 is lower than 9 ACH, which is due to the limited capacity of the 
mechanical fan. Due to the long response time of TABS, TABS cooling is activated before the 
occupied hours and for a total of 10 hours from 7:00 to 17:00. The measured supply water 
temperature is 15.7 ℃, and the constant water flow rate is 0.037 kg/s.  
(Table 5) 
(Figure 12) 
Figure 12 shows the measured results of the typical summer day. It can be seen that the 
operative temperature is between 21.7 and 26.0 ℃ during the occupied hours, with the minimum 
at 9:00. The operative temperature increases very fast from the minimum to 23.0 ℃, and during 
most of occupied hours it is within the comfort range in summer [17]. During the un-occupied hours, 
both room air temperature and operative temperature are above 20.0 ℃. 
3.2.  Energy balance analysis 
(Figure 13) 
Figure 13 shows the primary thermal processes in the test room, including the heat gains from 
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internal heat sources and solar radiation, heat loss/gain from TABS, ventilation heat loss and heat 
transmission from the enclosed constructions. The space in the red rectangular area shows the room 
building thermal mass, including the facade, the floor, the interior walls, the diffuse ceiling, the 
concrete slab, the equipment and the air. The capacitance of air is very small, but it is still 
considered as part of the thermal mass in the energy balance analysis.  
For the dynamic thermal processes, it is very hard to evaluate the energy stored and released 
time by time. Therefore, a total heat balance during 24 hours is considered for the evaluation of 
energy balance. The energy balance analysis has been carried out for a time step of 10 seconds and 
the total heat balance during 24 hours in a day is expressed by Eq. (1). The heat unbalance rate is 
defined in Eq. (2). Assuming that the heat injected to the room is positive, and the heat removed 
from the room is negative.  
  (1) 
  (2) 
  (3) 
  (4) 
Since the tests are carried out under quasi-steady state conditions, for a 24-hour energy balance 
analysis all terms in Eq. (1) can be evaluated using the steady-state method as described in Ref. [7]. 
Table 6 gives the results of heat balance analysis for all cases. The heat unbalance rates are within 
10% except Case 2. The error can be attributed to the data logger resolution, the measurements of 
ventilation rate and water flow rate, the thermal properties of the facade with windows and the 
uncertain thermal bridge of the room enclosure. Table 6 also shows that there is always heat gain 
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from the upper zone and heat loss to the cold box. Since the surrounding zone has a temperature 
very close to the room temperature, the heat gain from the surrounding zone is relatively small. In 
Case 1, the minimum ventilation rate results in a heat loss almost of the same amount as all heat 
gains. Therefore, extra TABS heating should be supplied to the system, in order to keep the room 
temperature within the acceptable range. In Case 2, the total heat loss from ventilation can offset all 
the heat gains, so the room can reach the neutral thermal conditions and no mechanical cooling is 
needed. In Case 3, the natural ventilation cooling potential is very limited even if the ventilation is 
activated all day. TABS have to be activated to offset the remaining heat gains. 
(Table 6) 
3.3.  Thermal comfort analysis 
According to ISO 7730 [17], the thermal comfort in the occupied zone involves both 
whole-body thermal comfort and local thermal comfort. The indices of PMV and PPD can be used 
to evaluate the thermal comfort of the whole-body, and the operative temperature range is also 
available to evaluate it under the dynamic conditions. The local thermal comfort in this study is 
assessed by draught risk and vertical temperature difference. 
3.3.1. Vertical air temperature and air speed distributions 
Air temperatures and air velocities at six positions are measured with anemometers at the 
heights of 0.1 m, 0.6 m, 1.1 m, 1.7 m and 2.3 m, respectively. The average results of six positions at 
every height are presented in Figs. 14 and 15.  
Figure 14 shows that there is a maximum of 1.0 K temperature difference from the floor to the 
ceiling in all cases, corresponding to a temperature gradient of less than 0.5 K/m. This indicates a 
good mixing of the room air when using diffuse ceiling ventilation, which shows good agreement 
with the findings by Nielsen et al. [18] and Fan et al. [19]. The temperature at the height of 2.3 m is 
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a little lower than that at the height of 1.7 m, which may be caused by the influence of diffuse 
ceiling. In order to bring sufficient cooling, the air in the plenum is always colder than the room air. 
This cold air first penetrates through the diffuse ceiling panel and then mixes with the air at the 
upper part of the room, so the air at the height of 2.3 m is cooled down.  
(Figure 14) 
(Figure 15) 
As shown in Fig. 15, the measured velocity magnitudes for all case are lower than 0.15 m/s. 
The difference in air speed from ankle to head level is within 0.05 m/s. In Case 1, the velocity in the 
occupied zone is very stable and very low. While in Case 2 and Case 3, due to the increase of heat 
load and ventilation rate, the air velocities in the occupied zone increase. The air velocities at the 
height of 0.1 m and 1.7 m are very close. This may be caused by the increased heat sources and 
ventilation rate, which generates the strong thermal plume at the height of 1.7 m. This strong air 
flow circulates between the head level and the ankle level [20]. Thus, the velocity at the height of 
0.1 m is relatively high and close to the velocity at the height of 1.7 m. 
3.3.2.  Operative temperature range 
Considering the dynamic measurements, initially, the thermal comfort analysis is based on the 
operative temperature during the occupied time and is evaluated according to standard EN 15251 
[21]. Category II in EN 15251 is selected as it is in accord with the thermal comfort level 
(-0.5<PMV<+0.5) in EN ISO 7730 [17]. A performance index (PI) associated with the category 
represents the percentage of values of operative temperatures during the occupied time that fall 
within the acceptable range of the category [22]. When the PI is at least 90%, the indoor thermal 
environment is supposed to meet a certain category. 
In category II in EN 15251, the operative temperature of 20 ℃-24 ℃ is the thermal comfort 
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condition in winter (Case 1), while the operative temperature of 23 ℃-26 ℃ is the thermal 
comfort condition in summer (Case 3). The adaptive thermal comfort according to standard EN 
15251 [21] is used to evaluate the thermal comfort in the transitional season (Case 2), the calculated 
adaptive comfort temperature range in Category II is from 19.4 ℃ to 25.4 ℃.  
(Figure 16) 
Figure 16 shows the results of thermal comfort based on the operative temperature range, the 
results are evaluated every 10 seconds. All cases have the PI higher than 90%, and meet the 
comfortable range in the standards.  
3.3.3. PMV/PPD 
PMV and PPD are used to evaluate the whole body thermal comfort. In this study, the mean 
values of air temperatures and velocity magnitudes at the heights of 0.1 m, 0.6 m and 1.1 m can 
represent the thermal state of the whole body, and the PMV and PPD indexes are calculated based 
on these mean values. A metabolic rate of 1.2 is assumed in this calculation of PMV for all cases. 
The clothing value is assumed to be 1.0, 0.75 and 0.5 for the three cases, respectively. The relative 
humidity in the room is measured by the two sensors at C-3 and C-5 (in Fig. 9), at the height of 1.1 
m. The mean radiant temperature is calculated from the plane radiant temperature according to ISO 
standard 7726 [23], which is determined based on the measured surface temperatures. 
(Figure 17) 
(Figure 18) 
PMV and PPD results of all cases during the occupied hours are depicted in Figs. 17 and 18. It 
can be seen that Case 1 and Case 2 have the best PMV and PPD. Since the surrounding surface 
temperature is relatively lower during the morning, the environment is a little cold for Case 3 with 
PMV lower than -0.5 and PPD higher than 10% in the first hour. The time proportion of Case 3 out 
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of the comfortable range is 8.1%. These results are very close to the evaluation in Section 3.3.2.  
3.3.4. Draught rate (DR) 
Thermal dissatisfaction can also be caused by unwanted cooling or heating of one particular 
part of the body, known as local discomfort [17]. The most common cause of local discomfort is 
draught, which can be expressed as the percentage of people predicted to be bothered by draught 
and can be calculated by Eq. (5). 
 (5) 
For <0.05 m/s: use =0.05 m/s 
The draught rate (DR) in this study is calculated at a height of 0.1 m, 1.1 m and 1.7 m at all 
measured positions in Fig. 9, respectively. A constant turbulence intensity of 40% is assumed in the 
DR calculation. 
(Table 7) 
The DR results in Table 7 show that all positions have very good thermal comfort with almost 
all values of DR below 10%, corresponding to the Category A in EN 7730 [17]. The highest value 
of DR is found at the height of 1.7 m at C-5, which may result from the heat sources. Actually, the 
internal heat sources are close to this position, so the thermal plume is very strong at this height. 
Comparing Case 1 and the other two cases, when there is solar radiation, the local discomfort 
increases with higher values of DR.  
3.3.5. Vertical air temperature difference between head and ankles 
A high vertical air temperature difference between head and ankles can cause discomfort [17], 
which can be evaluated in Eq. (6). 
  (6) 
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(Table 8) 
The maximum PD during occupied hours due to the vertical air temperature difference between 
the height of 0.1 m and 1.7 m is given in Table 8. The PD caused by the vertical air temperature 
difference meets the Category A in EN 7730 [17]. The maximum is found at C-5 in all cases, which 
may result from the heat sources as the reason described in Section 3.3.4. 
4. Discussions and conclusions 
This paper presents a series of dynamic measurements of a novel HVAC system combining 
natural cooling with diffuse ceiling inlet and TABS. Three typical weather conditions are selected, 
including a typical winter day, a typical day of the transitional season and a typical summer day. 
Both outside air temperature and solar radiation in each case are varying during day and night. The 
test room is set up to simulate a real office environment. Control strategies corresponding to each 
season are tested, and the main purpose is to use the natural ventilation cooling to the maximum 
level. All cases are carried out under the quasi-steady state condition, which takes several days to 
reach. Finally, the energy balance and the thermal comfort of all cases are analyzed.  
The test results show that the control strategy used in each case can ensure a good thermal 
environment in the test room. In the winter case, extra TABS heating is needed even with the 
minimum ventilation rate. In the transitional season case, natural ventilation is very suitable to keep 
a perfect thermal environment in the room without any mechanical cooling. However, in the 
summer case, the natural cooling capacity is insufficient even if the night ventilation is used. 
Therefore, extra TABS cooling is needed.  
The thermal comfort analysis shows that the whole-body thermal comfort is quite good with an 
acceptable operative temperature range during the occupied hours, and no local thermal comfort 
problem is found in the measurements. Due to the application of diffuse ceiling, the vertical 
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temperature gradient is very low. Meanwhile, the low air velocity in the occupied zone is also 
beneficial in keeping a comfortable environment in the room. 
Through testing the control strategies used in different conditions, the dynamic thermal 
processes of the room with the proposed systems are revealed. Both natural ventilation and TABS 
can supply the cooling, the optimum combination of them can lead to the minimum energy use. 
When TABS have to be used, it is important to determine when and how to activate TABS, and to 
find the optimum control strategy with the minimum energy use and an acceptable thermal 
environment. Although the thermal comfort in different climatic conditions can be ensured when 
using the proposed control strategies, some optimization work still needs to be further studied in 
order to find the optimum control strategy used in the corresponding climatic condition. Building 
simulation would be the best method to perform this optimization work, but it requires an accurate 
model to be developed in the building simulation tool for simulating the diffuse ceiling ventilation 
[24].  
Since cooling potential of natural ventilation is of great importance in this system, this system 
is highly dependent on the climatic condition and the room building thermal mass. A good 
suggestion is to use this system in a temperate climatic condition with high natural ventilation 
cooling potential, where the activation of TABS can be reduced. When this system is to be used in a 
building, it is better to perform the energy simulation to investigate the natural cooling potential at 
the design stage. 
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Figure 3 Set-up in the test room. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Outside air temperatures of typical days. 
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Figure 5 Heat load during the whole day. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Flow chart of control strategy in winter. 
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Figure 7 Flow chart of control strategy in the transitional season. 
 
 
 
 
 
 
 
Figure 8 Flow chart of control strategy in summer. 
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Figure 9 Measuring positions in dynamic measurements (unit: mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 Quasi-steady state results of Case 1. 
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Figure 11 Quasi-steady state results of Case 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 Quasi-steady state results of Case 3. 
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Figure 16 Thermal comfort of PI for the tests. 
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Figure 17 PMV results of all cases. 
 
 
 
 
 
 
 
 
 
 
 
Figure 18 PPD results of all cases. 
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Table 1 Designed cases. 
Case 
number 
Typical days Outside air 
temperature (℃) 
Internal heat load 
(W/m
2
) 
Solar radiation 
(Wh/(m
2
 
window/day)) 
Upper /surrounding 
zone air 
temperature(℃) 
Case 1 Winter -1.0±2.5 30 0  22 
Case 2 Transitional season 10.9±5.75 30 3432 23 
Case 3 Summer 20.0±6.0 30 4848  24 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 Power consumption of internal heat sources. 
Type  Power (W) Type  Power (W) 
Manikin 1  Manikin 2 
ventilator 32.2 ventilator 35.5 
heating  67.0 heating  67.0 
Computer 1 61.0 Computer 2 60.5 
Desk lighting 1 60.1 Desk lighting 2 60.3 
Monitor 1 16.0 Monitor 2 16.0 
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Table 3 Control strategy used in Case 1. 
Time Ventilation  TABS heating Internal heat sources Solar radiation 
6:00 Off  On Off  Off 
8:00 Off  Off  Off  Off 
9:00 On (Min) Off  On  Off 
17:00 Off  Off  Off  Off 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4 Control strategy used in Case 2. 
Time Ventilation  TABS Internal heat sources Solar radiation 
7:00 On (2×Min) Off  Off  On  
9:00 On (2×Min) Off  On  On 
10:15 On (4×Min) Off  On  On 
17:00 On (2×Min) Off  Off  On 
19:00 Off  Off  Off  On 
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Table 5 Control strategy used in Case 3. 
Time Ventilation  TABS cooling Internal heat sources Solar radiation 
7:00 On (3×Min) On  Off  On  
9:00 On (3×Min) On On  On 
10:10 On (5.1×Min) On On  On 
17:00 On (5.1×Min) Off  Off  On 
19:40 On (3×Min) Off  Off  On 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6 Energy balance of the room during 24 hours. 
 
 
(Wh/day) 
 
(Wh/day) 
 
(Wh/day) 
 
(Wh/day) 
 
(Wh/day) 
 
(Wh/day) 
 
(Wh/day) 
 
(Wh/day) 
 
(%) 
Case 1 3800 0 -3972.3 2335.4 272.4 242.5 -2311.5 366.5 9.6 
Case 2 3800 3773.5 -8701.8 0 1303.0 158.7 -1313.7 986.3 13.0 
Case 3 3800 5447.1 -7297.4 -4133.8 1813.6 261.9 -394.5 503.1 5.4 
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Table 7 Maximum DR during occupied hours (unit: %).  
 Case 1 Case 2 Case 3 
 0.1 m 1.1 m 1.7 m 0.1 m 1.1 m 1.7 m 0.1 m 1.1 m 1.7 m 
C-1 0 0 1.2 6.0 8.2 7.7 6.0 3.8 5.7 
C-2 4.5 3.6 0 6.8 5.3 7.2 7.0 3.3 6.1 
C-3 4.6 2.2 0 5.7 6.1 8.0 5.3 4.8 3.9 
C-4 0 0 0.9 4.8 4.4 6.9 5.1 3.1 4.8 
C-5 0 0 9.8 9.0 3.6 11.3 7.1 2.4 10.6 
C-6 0 0 0 9.7 0 1.5 7.7 0 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8 Maximum PD of vertical air temperature difference during occupied hours (unit: %). 
 C-1 C-2 C-3 C-4 C-5 C-6 
Case 1 0.9 0.9 1.1 0.9 1.3 0.2 
Case 2 0.4 0.7 0.8 0.9 1.7 0.3 
Case 3 0.6 1.1 1.2 1.5 2.1 0.3 
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As a response to new stringent energy policies in the building sector, office buildings 
have become well-insulated and highly-airtight, resulting in an increasing cooling 
need in both summer and winter. This study proposes a novel system combining nat-
ural ventilation with diffuse ceiling inlet and thermally activated building systems 
(TABS) for cooling and ventilation in future Danish office buildings. The new solu-
tion would have the special potential of using natural ventilation all year round even 
in the extremely cold seasons without any draught risk.
The main focuses of this study are the energy saving potential and the steady-state 
and dynamic energy performance of this system. The presented work utilizes build-
ing simulation method to investigate the energy saving potential of this novel sys-
tem. Afterwards, an experimental set-up is built in the laboratory to simulate a real 
office environment. Both steady-state and dynamic measurements are carried out in 
the experimental chamber to investigate the energy performance of the system and 
the thermal comfort in the test room.
Overall, this integrated system has high energy saving potential without any compro-
mise of thermal comfort even in extreme winter period. Since natural ventilation is 
of great importance in the system, this system is recommended for use in a temperate 
climate with high natural ventilation potential.
